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Abstract
The functional versatility and endurable self-healing capacity of soft materials in nature is found
to originate from the dynamic supramolecular scaffolds assembled via reversible interactions. To
mimic this strategy, extensive efforts have been made to design polymer networks with transient
crosslinks, which lays the foundation for synthetic self-healing hydrogels. Towards the
development of stronger and faster self-healing hydrogels, understanding and controlling the gel
network dynamics is of critical importance, since it provides design principles for key properties
such as dynamic mechanics and self-healing performance. For this purpose, a universal strategy
independent of exact crosslinking chemistry would be regulating the polymer material's dynamic
behavior by optimal network design, yet current understanding of the relationship between
network structure and macroscopic dynamic mechanics is still limited, and implementation of
complex network structure has always been challenging.
In this thesis, we show how the dynamic mechanical properties in a hydrogel can be controlled by
rational design of polymer network structures. Using mussel-inspired reversible catechol
coordination chemistry, we developed a nanocomposite hydrogel network (NP gel) with
hierarchical assembly of polymer chains on iron oxide (Fe304) nanoparticles as network crosslinks.
With NP gel as a model system, we first investigated its unique dynamic mechanics in comparison
with traditional permanent and dynamic gels, and discovered a general approach to manipulate the
network dynamics by controlling the crosslink structural functionality. Then we further explored
the underlying relationship between polymer network structure and two key parameters in
relaxation mechanics, which elucidated universal approaches for designing relaxation patterns in
supramolecular transient gel network. Finally, by utilizing these design principles, we designed a
hybrid gel network using two crosslinking structures with distinct relaxation timescales. By simply
adjusting the ratio of two crosslinks, we can precisely tune the material's dynamic mechanics from
a viscoelastic fluid to a rigid solid. Such controllability in dynamic mechanics enabled
performance optimization towards mechanically rigid and fast self-healing hydrogel materials.
Thesis supervisor: Niels Holten-Andersen
Title: Associate Professor
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Chapter 1. Background
1.1.1 Concept and Definition
Crack, damage and degradation are natural phenomena in almost any material applications, which
may eventually lead to catastrophic material failure. To extend material's lifetime, in traditional
material research people have been focused on achieving "stronger materials" that can hold against
failures. For example, by designing and optimizing the material's composition and structure, very
high mechanical strength, stiffness and toughness can be achieved in a broad scope of engineering
materials. However, even for the strongest material people have ever discovered, failure is still
inevitable after a long time of use, as a result of material fatigue during repeated deformation
cycles. In practice, materials usually need to be regularly replaced after certain usage time, which
causes huge waste of materials.
In contrast, biological systems use a much more elegant mechanism to approach this dilemma: by
self-healing. Many biological tissues are soft materials that are vulnerable to mechanical damages.
Instead of preventing any possible damage, they are capable of automatic recovery after damage.
Our skin, for example, is exposed to many potential external injuries every day, such as cuts,
scratches and burns. Once an injury occurs, the wound will first be sealed by blood clotting. The
following cell proliferation and matrix remodeling will eventually heal the wound back to its
9
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original state. Because of this autonomous healing mechanism, our skin can continuously protect
our body during the length of our lifetime.
Inspired by this healing process in biological systems, people have made extensive efforts
introducing similar artificial healing mechanisms into synthetic materials, which exhibit the ability
to repair themselves and recover functionality after mechanical damage. This self-healing property
provides a new route towards elongated lifetime and sustainable use of materials. So far, a variety
of self-healing materials have been developed and studied, including polymeric materials (1-3),
concretes (4) and metals (5). Because of their intrinsic vulnerability to mechanical damage, ease
of chemical modification, broad space for molecular design and rich practical applications,
polymeric soft materials have become the focus in the study of self-healing materials. Recent
efforts in this field have led to a broad scope of self-healing soft materials for diverse applications,
such as protective coating (6), engineering plastics (7, 8), biomaterials (9), electronic materials
(10), magnetic materials (11), etc.
Although the study of self-healing has become a hot topic in soft material research in recent years,
the exact definition of "self-healing" is yet still under debate. From an intuitive understanding, a
self-healing material should be one that can autonomously recover its original features after
mechanical damage. However, the form of "mechanical damage" and the type of "features" to
recover varies a lot in different studies. A common practice for assessment of healing behavior is
to first induce complete failure by fracturing the material, put the fractured surfaces into contact
for a certain healing time, and then measure the recovery by certain mechanical measurements
such as tensile tests (12-14) and compression tests (15, 16). In these cases, "self-healing" is defined
10
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as the capability of mechanically repairing fractured interfaces. However, for many mechanically
weak soft materials, especially hydrogels, such mechanical tests may be difficult to conduct.
Instead, the recovery of internal network damage characterized by rheology measurements is used
to demonstrate "self-healing" in many studies (17, 18). Marc in het Panhuis et al define the former
behavior of re-bonding fractured interfaces as "self-healing", and the latter behavior of mending
the internal damage as "self-recovery" (19). Furthermore, Ludwik Leibler and Michael Rubinstein
et al argue that the former case should be further segmented based on equilibrium states: "self-
healing" is a process far from equilibrium in which the surfaces are put into contact shortly after
cutting, therefore many "open stickers" are still present in the network; in contrast, if the cut
surfaces are put into contact after reaching equilibrium and still able to recover, the process should
be called "self-adhesion" (20). Aside from these definitions based on mechanical recover, the
autonomous repairing of material's appearance after damage is also often used to identify self-
healing behavior (6).
1.1.2 Self-Healing Mechanisms
According to the origin of healing functionality, the self-healing mechanisms in synthetic materials
can be classified into two major categories: (1) extrinsic self-healing enabled by encapsulated
healing reagents; (2) intrinsic self-healing enabled by reversible network crosslinks (as illustrated
in Figure 1.1). Extrinsic healing mimics the blood clotting mechanism by storing healing reagents
in micro-capsules and/or vascular networks embedded in the material. When triggered by
mechanical damage, the healing reagents leak out and form new materials to fill the crack
11
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interfaces. Since this healing mechanism is independent of the chemical nature of the matrix
material, it can be applied to many conventional materials like plastics and rubbers without further
chemical modification or molecular re-design (7, 8, 21, 22). However, this healing process is "one-
time only" as the healing structures are destroyed in the healing process. Furthermore, the
integration of complex microstructures may pose significant challenges for material processing.
In contrast, intrinsic self-healing materials achieve autonomous recovery not by any external
reagents, but instead through inherent reversible bonding in the polymer network. In these
materials, polymer chains form a dynamic network crosslinked by reversible bonds/interactions.
Upon mechanical damage, these reversible crosslinks will dissociate to dissipate energy. The
dissociated chains with "active" groups will then re-organize, diffuse and reform new crosslinks
to repair the damaged network. Since this process results from the intrinsic reversible nature of
crosslinking bonds, the healing cycle can be repeated multiple times, and no external components
need to be added into the material. Here, common reversible bonds/interactions used to crosslink
the polymer network include reversible reactions such as Diels-Alder (DA) reactions (13, 14),
chain entanglement in thermoplastic polymers (23), ionomeric electrostatic interactions (24),
hydrogen bonds (12) and metal-coordination bonds (25, 26). Because of the vast variety of
possible reversible crosslink designs, intrinsic self-healing has led to the development of a broad
family of self-healing soft materials with diverse functionalities and performances, and hence
becomes the main stream of self-healing material study. In this thesis, the term "self-healing" in
the following text refers to intrinsic self-healing unless specified otherwise.
12
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a Capsule based b Vascular C Intrinsic
Extrinsic self-healing Intrinsic self-healing(By encapsulated healing reagents) (By reversible network crosslinks) I
Figure 1.1 1 Schematic illustration of two classes of self-healing mechanisms: (1) extrinsic self-healing
enabled by encapsulated healing reagents that are stored in (a) capsule-based and (b) vascular structures;
(2) intrinsic self-healing enabled by reversible network crosslinks. Shades of red and blue are used to show
a generalized interaction between two or more species. Illustrations adapted from Reference (3).
1.1.3 Characteristic Healing Performance
With the increasing number of reports on new self-healing materials in recent years, it would be
desirable to conduct comparative analysis of self-healing abilities across different materials and
explore design principles for future studies. Therefore, well-defined quantitative measures for
assessment of healing performances would be necessary. Considering the practical application
scenarios, there would be two key aspects of a material's healing performances: how close can it
recover to the original undamaged state? And how fast can it recover?
The former question is about the maximum capacity for healing, which can be quantified by self-
healing efficiencies. In general, the healing efficiency is defined as the ratio of a measured
property of the healed and virgin hydrogels (19). More specifically, in a uniaxial elongation
13
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measurement (tensile test) which is the most common mechanical test for self-healing performance
evaluation, the healing efficiency q can be expressed as:
7 = healedXl1O% (1.1)1aoriginal
where loriginai and Lhealed are the maximal strain of the pristine and healed material respectively (27).
Similarly, q can be expressed by the ratio of maximal stress or elastic modulus in other experiments
(28). The healing efficiency is related to the time for healing, the ratio of reversible
crosslinks/permanent crosslinks and the dissociation kinetics of crosslinking bonds. An ideal
intrinsic self-healing material with fully reversible crosslinks should eventually reach 100%
healing efficiency, yet such full recovery is not always experimentally observed due to material
defects, kinetic barrier, aging of interfaces, etc.
The latter question is about the kinetics of the healing process, which can be characterized by the
healing time thealing. Here the healing time is defined as the time of healing process to reach a
certain healing efficiency q. For example, the time to reach 100% healing is often used as the
material's healing time. In the cases when the material cannot achieve full recovery, thealing for
some arbitrarily determined q can be used instead. For more intuitive representation of healing
kinetics, sometimes we can also use the term healing rate, which is defined as the inverse of
healing time l/thealing.
One key challenge in today's self-healing material research is to design a mechanically strong
material that can heal fast. The core of this problem involves exploring methods to manipulate the
healing rate independently. As we discussed above, the intrinsic self-healing process involves steps
including dissociation of crosslinks, diffusion and re-organization of polymer chains and re-
14
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bonding of crosslinks. Therefore, the overall healing kinetics should be at least correlated with
these two factors: the dissociation kinetics of crosslinking bonds, and the polymer chain dynamics.
Today, most efforts in controlling self-healing kinetics have been focused on tuning these two
factors (20, 29, 30). Although it is difficult to measure the two factors by direct measurements,
they can be reflected by the material's time-dependent dynamic mechanical properties, which will
be discussed in detail below.
L2 TieDpnetD namic e caia Propert.es
In classic material mechanics, the most straightforward parameters to describe a material's
mechanical properties is measured by the characteristic stress-strain responses in conventional
load-deformation experiments, such as Young's modulus E and mechanical strength a-. These
parameters represent a material's static mechanical behavior with little time-dependence, for
example the material's stiffness in the linear regime. For most hard materials like metal, ceramics
and engineering plastics, their internal structures do not significant change in the timescale of
interest, therefore these simple static parameters can well describe their mechanical behaviors. In
many polymeric soft materials, however, the internal structure is undergoing various highly
dynamic events, such as reversible dissociation of crosslinks, network re-organization, chain
reptation and diffusion, entanglement, etc. Accordingly, their mechanical properties are strongly
time-dependent, and therefore these static mechanical factors are not sufficient to characterize such
dynamic mechanics. Instead, they must be measured by mechanical tests that involve characteristic
timescales, such as oscillatory rheology, relaxation and creep test.
15
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In self-healing materials, the dynamic mechanical properties are of critical importance for their
healing performance. Because the time-dependence in mechanics originate from the dynamic
processes at molecular and/or network scale as we discussed above, these dynamic mechanical
properties should contain information about the kinetics of these micro-scale processes, which
have direct impact on the material's healing rate. Since direct measurement of these micro-scale
kinetics is experimentally challenging, study of the macroscopic dynamic mechanics offers a
practically feasible way to probe the material's internal dynamic structure and processes. In
addition, understanding the factors of dynamic mechanics will also facilitate rational design and
optimization of self-healing materials with desired performances.
1.2.1 Material Viscoelasticity Measured by Oscillatory Rheology
Upon deformation, an ideal static material presents purely elastic response: the stress increases
linearly with strain, and all deformation energy is stored as elastic potential. In contrast, in many
soft polymer materials, the dynamic processes discussed above will dissipate some part of
deformation energy. Because of the characteristic time scales of these dynamic processes, the
stress carried by these materials is dependent on the strain rate, analogues to the behavior of a
viscous fluid. In this sense, we see the material as both "elastic" and "viscous". A simple
phenomenological model for this viscoelastic behavior can be described by a Maxwell model,
where the elastic and viscous components are represented by an elastic spring (with elastic
modulus G) and a viscous dashpot (with viscosity q) connected in series, as shown in Figure 1.2
(a). In this model, the stress (o) and strain (e) relationship is expressed as:
16
CHAPTER 1. BACKGROUND
a + 62 = ij (1.2)
A material's viscoelastic behavior can be well characterized by oscillatory rheology. The basic
principle of this method is to induce a sinusoidal shear deformation in the sample with controlled
oscillation angular frequency co, which lead to a time-dependent strain:
E(W, t) = Eo sin(wt) (1.3)
Accordingly, viscoelastic materials show a stress response with a phase shift 6 with respect to the
applied strain (0<6<7/2), as shown in Figure 1.2 (b):
a(&, t) = co sin(wt + 6) (1.4)
Equation 1.4 can be mathematically transformed as:
a(w, t) = co sin(ot) cos 6 + ao cos(wt) sin 6
= G'(w)eo sin(ot) + G"(W)Eo cos(ot) (1.5)
Here, G'(w) and G"(w) are the material's storage (or elastic) modulus and loss modulus, which
respectively characterize the storage of elastic energy (solid-like) and viscous energy dissipation
(fluid-like) in the material. Their ratio, which is tan 6 = G "/G', is used as a dimensionless index to
indicate a material's dynamic behavior: if tan 6 >1, the material behaves more fluid-like, while if
tan 6 <1, the material behaves more solid-like.
In a typical rheological experiment setup, the sample is placed between a fixed stage and a rotary
top plate, as shown in Figure 1.2 (c). The top plate rotates with programmed frequency 0j, and the
sample stress a is quantified by measuring the consequent torque on the top plate, which will be
17
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eventually translated into G' and G ". One of the most commonly used rheology experiment is
frequency sweep, in which G'(cv) and G "(w) are measured at a fixed strain across a range of
oscillatory angular frequency co. These results provide key information on the material's dynamic
mechanical behavior at different timescales. For example, in an elastic solid material, the elasticity
response is dominant over viscosity response, and the stress is time-independent. Therefore, in a
frequency sweep, the measured G'(w) curve is a horizontal line, while the magnitude of G "(w) is
minimal (see Figure 1.2 (d)). In contrast, in a viscoelastic material described by Maxwell model,
the following expressions of G'(cv) and G "(co) can be derived from Equation 1.2:
ST2 2G (o) = G (1.6)
G"(o) = G (1.7)
T20 2+1
Where r = r/G is the characteristic relaxation time. The corresponding G'(cv) and G "(w) curves
are illustrated in Figure 1.2 (d). In high co regime, G'(cv) approaches its maximum of G, which is
denoted as the plateau modulus Gp. At co = 1/ r, G'(cv) and G "(cv) curves cross over. This cross-
over point is widely used to indicate the relaxation time of the material.
In addition to frequency sweep, other common rheology experiments include strain-sweep
(increasing strain at fixed frequency), step-strain relaxation (applying a step strain and then
monitoring the relaxation of stress), creep test (keeping a constant stress and measuring the change
of strain), etc.
18
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7 G
-L+ Wy
strain
stress
Time t
tan (5 = G "(w)/G'(co)
Elastic solid
G'
A 0
Angular frequency (w)
c Measured
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Oscillatory
rotation by w
Sample Top plate
b
d
Figure 1.2 1 Principle of oscillatory rheology for viscoelastic materials. (a) Schematic illustration of a
Maxwell model and its stress-strain response, which combines both "elastic" component and "viscous"
component. (b) Stress response of a viscoelastic material when a sinusoidal strain with angular frequency
co is applied. There is a phase shift 6 in the stress response, and tan 3= G "/G'is an indicator of the material's
dynamic behavior (solid-like or fluid-like). (c) Schematics illustration of a typical rheology measurement
experiment setup. (d) Comparison of frequency sweep plots of an elastic solid and viscoelastic material as
described by Maxwell model. Characteristic relaxation time can be obtained from the cross-over point of
G'(co) and G "(co) curves.
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1.2.2 Stress Relaxation
For very slow-relaxing materials, the cross-over point of G'(co) and G"(co) curves lies in the far
low-frequency end, which may exceed the lowest frequency the instrument can generate. In these
cases, stress relaxation experiments are commonly used as an alternative to characterize the
material's dynamic mechanics. As a constant strain co is applied to a viscoelastic material, the
induced stress will be gradually relieved with time, as a result of the internal flow and energy
dissipation. In a typical stress relaxation experiment, a step strain is applied at time to, and the
stress o(t) is monitored over a period, as shown in Figure 1.3. To normalize the effect of strain,
relaxation modulus G(t) = u(t)/co is often used to describe the relaxation behavior. Indeed, G(t) and
G'(cv) are equivalent inherently: they are just different expressions of a material's dynamic elastic
behavior in time domain and frequency domain respectively.
In a Maxwell material, according to its stress-strain relationship as described by Equation 1.2,
when a constant step strain Eo is applied (de/dt = 0), G(t) can be expressed as exponential decay:
_G t
G(t) = Goe 7=Goe~ (1.8)
In real material systems, however, the relaxation behavior can seldom be well described by this
simple exponential model. A variety of empirical models have been proposed to give the best
match of experimental data in different polymer materials (31-33). The Kohlrausch stretched
exponential function, described in Equation 1.9, is one of the most commonly used empirical
models. Originally introduced by Rudolf Kohlrausch in 1854 to describe the relaxation of charge
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from a Leiden jar (34), it has been extensively used to describe the relaxation of glassy systems
(33, 35), including the mechanical relaxation of polymeric materials (36, 37).
G(t) = Goe , (0 < a < 1) (1.9)
By fitting experimental results of G(t) with Equation 1.9, two material parameters r and a can be
extracted, which are the characteristic relaxation time and Kohlrausch exponent respectively. In
this thesis, we will investigate the physical importance of these two factors, as well as their
relationship with the hierarchical structure of dynamic polymer networks.
a - E b G(t) = u-(t)/Eo
E0o------ _Go_-------
to t to t
Figure 1.3 1 The time profile of (a) strain e and (b) relaxation modulus G(t) = a(t)/o in a step-strain
relaxation experiment (step strain = co). (b) is usually referred to as the relaxation curve for a viscoelastic
material.
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1.2.3 Time-Temperature Superposition
As we discussed above, the dynamic mechanical response of a viscoelastic material in either
oscillatory rheology experiment or stress relaxation experiment is time-dependent, which is a result
of molecular-scale dynamic processes in the polymer network. On the other hand, the kinetics of
these processes can be thermally-activated: their characteristic timescales decrease with elevated
temperature. Therefore, changing the temperature is equivalent to shifting the time-dependence in
the dynamic mechanics. This simple relationship between temperature and time for the mechanical
response of a polymer is described by time-temperature superposition, which implies that curves
of elastic modulus vs log(response time) at one temperature can be shifted to overlap with those
of adjacent temperatures. For example, considering the relaxation modulus G at two temperatures
T and To (T > To). According to time-temperature superposition, the change in temperature is
equivalent to multiplying the time scale by a constant shift factor aT, which is only a function of T
and To:
G(t,T) = G(art, To) (1.10)
Similarly, in a frequency sweep, the dynamic moduli G'(w) and G"(w) at different temperatures
follow the same superposition principle:
G'(w, T) = G" ( , TO)
These relationships are illustrated in Figure 1.4.
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Because the time-shift results from the thermally-activated dynamic processes at molecular scales,
the shift factor aT follows Arrhenius law, similar to the kinetic constants of chemical reactions:
(1.12)In a = a - ( - 1
Here Ea is the activation energy. Equation 1.12 provides an important probe for linking
macroscopic mechanical behavior to energy of molecular processes (38). With this principle, by
conducting rheology studies at different temperatures, we can extract valuable information on
molecular interactions in dynamic polymer networks.
a
0
bT>To
TO 0
T>To
TO
log tj log tjaT log t I
Figure 1.4 1 Schematics of the temperature-dependent shift of (a)
frequency sweep G'(co) curve at two temperatures T and To (T> To).
og (w,/aT) log w, log W
stress relaxation G(t) curve and (b)
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.3 Supramolecular Hydrogels with Dynamic Network
Among the vast family of polymeric soft materials, hydrogels are a special class that are relevant
for bio-functional applications. From a structural perspective, hydrogel is a crosslinked hydrophilic
polymer network swollen in water medium. Its high water-content (usually ~70~99 wt%) and
flexible mechanical nature are similar to living biological tissues, and many hydrogel systems
exhibit excellent biocompatibility (39). Therefore, hydrogels have been widely used in biomedical
applications such as contact lenses (40), implantable materials (41, 42), clinical adhesives (43, 44),
tissue engineering scaffolds (45, 46), etc.
Conventional hydrogel network is often crosslinked by covalent bonds formed during
polymerization. Because of the irreversible nature of common covalent bonds, the gel network is
a static permanent network with no dynamic chain dissociation and re-organization. As a
consequence, these static hydrogels cannot dissipate deformation energy, leading to poor
mechanical strength and easy fracture. On the other hand, it is difficult to design tunable
mechanical behavior in a static gel network, which is the key for many responsive biomedical
applications such as triggered drug delivery and injectable implants.
To overcome these limitations, an increasing number of studies are introducing reversible dynamic
interactions into gel network structure. In these designs, the permanent covalent crosslink junctions
are replaced by supramolecular assemblies with reversible dissociation and reformation, therefore
constituting a dynamic gel network. The dynamic nature of these gel networks lays the foundation
for a broad scope of desirable material properties such as mechanical recovery (25, 47), shape
memory (48, 49), on-demand gelation for injectable materials (50) and sensing (51). The reversible
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dissociation and reformation of the dynamic crosslinks also serve as the molecular basis for
intrinsic self-healing hydrogels (19).
1.3.1 Chemical Origin: Types of Dynamic Crosslinks
From a chemical perspective, the dynamics in a supramolecular gel network originates from the
reversible weak interactions of its crosslinks, in contrast to the irreversible strong covalent
crosslinks in a permanent gel network. For example, metal-coordination bond (M<-L) is a typical
reversible bond used in dynamic crosslinks (25, 52). It is formed by donating a nonbonding
electron pair from one or more atoms on the ligand (L) to the central metal ion (Mm, usually a
transition metal) in a metal-coordination complex (MLn). The coordination complex has a certain
geometry and number of ligands (coordination number n), therefore network crosslinks with well-
defined structures can be formed. Compared to other reversible interactions, metal-coordination
bonds are strong (typical bond energy ~102 kJ/mol) and still fast-exchanging in solution phase (53),
thus offering an ideal crosslink for mechanically strong and dynamic gel networks. In addition,
because of the energy level splitting in M'" and charge transfer between L and M', these
coordination complexes often exhibits characteristic optical absorption and fluorescent emission
in visible range, which couples the material's color with mechanical behavior (51, 54). In this
thesis, our study will be focused on a specific bio-inspired metal-coordination bond, which will be
further discussed in Section 1.5.
Aside from metal coordination bonds, a variety of other reversible interactions are also widely
used in dynamic gel network, such as hydrogen bonds (55, 56), electrostatic interactions (18, 57),
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hydrophobic interactions (58), dynamic covalent bonds (59), a- a stacking (60), etc. In addition to
simple crosslink junctions with one central atoms, these reversible interactions can also form large
supramolecular assemblies with hierarchical structures as network crosslinks, such as molecular
clusters and cages (61) and host-guest complexes (15).
1.3.2 Physical Model: Transient Network Theory
Based on entropic elasticity, the mechanical response of a permanent gel network can be described
by conventional rubber elasticity theory. The elastic modulus G at small strain (linear regime, e ->
0) can thus be expressed as:
G ~ 3MkT (1.13)
Here, M is the number of elastically active chains between crosslinks per unit volume, which is
proportional to the network crosslink density N (62).
In a dynamic gel network, however, elastically active chains may dissociate from the original
crosslinking junction due to thermal motion or external tension, and relax into dangling chains
after a lapse of relaxation time r, as illustrated in Figure 1.5. Therefore, its elastic mechanics must
be described by a time-dependent physical model. In an early work by Green and Tobolsky (63),
they proposed that in a polymer network with only a single type of dynamic bond, the relaxation
time r is the inverse of the bond-dissociation rate constant kd: 'r - kid1 , and the mechanical response
can be described by a simple Maxwell model. Tanaka and Edwards further developed a Transient
Network Theory for physically crosslinked unentangled polymer networks, in which they describe
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internal reorganization of network structure in terms of two key parameters: the chain breakage
rate and recombination rate. From these molecular timescales, a complex mathematical expression
is derived for G'(cv) and G"(co) in a transient network (64). In a "Sticky Rouse Model" (65),
Rubinstein and Semenov showed that the relaxation time r of associating polymers is equal to the
lifetime of a bond r times the square of the number of interchain bonds per polymer f r ~ Ti.
These models provide theoretical frameworks for understanding the time-dependent mechanics of
dynamic hydrogel networks.
Dissociated chains
Reconnected
chains
Figure 1.5 1 Schematic illustration of the internal reorganization of the transient network induced by a
macroscopic deformation. Dissociated chains from crosslink junctions form dangling ends, while some
dangling chains reconnect with crosslink junctions during thermal motion. Illustrations adapted from
Reference (64).
1.3.3 Controlling Gel Network Dynamics
Intrinsic self-healing nature in dynamic supramolecular gels may greatly improve the poor
mechanical durability of conventional hydrogel materials. As discussed before in Section 1.1.3, to
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achieve rapid self-healing in these dynamic gels without sacrificing their mechanical performance,
manipulation of their network dynamics is the key.
A critical indicator for overall gel network dynamics is relaxation time r. In transient networks
with supramolecular crosslink structures, r can furthermore be expressed as a function of two key
parameters Tb and f: r = r(rb, J), where f is the number of transiently crosslinked network chains
assembled into a single supramolecular network junction and Tb is the lifetime of individual
transiently crosslinked chains (65-67). This notation thereby differentiates the temporal (rb) and
structural (f) contribution of supramolecular crosslink structure to r. To gain control over r, a lot
of previous efforts have been focused on tuning Tb of individual crosslinking bonds, by means of
changing the bond chemistry (29, 68, 69) or adjusting environment parameters such as temperature
(70) and pH (25, 29). However, alteration of the bond often requires synthetic efforts for polymers
with different bonding groups, and any change of environment parameters will impact the whole
system and may lead to undesirable effects. Alternatively, the overall gel dynamics can also be
changed by adjusting the network structure at crosslink junctions. A versatile approach to achieve
this is by changing the supramolecular assembly structure at the crosslinks, for example, from
simple junctions with low f to large hierarchical structures with high f A few recent material
designs such as the metal-organic cage (polyMOC) gels by Johnson et al have demonstrated this
motif (61, 71), yet controlling f in a wider range remains a major challenge. In this thesis, we
design a novel dynamic gel network with high f based on the self-assembly of nanocomposite
hydrogels, which will be discussed below in the next section.
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I Nanocomposite Hydrogels
To overcome the limitation of weak mechanical performance in conventional hydrogels, inorganic
nanoparticles (NPs) can be incorporated into the polymer matrix of the hydrogels, forming
mechanically reinforced nanocomposite hydrogels. The NPs can either be simply entrapped in the
polymer network serving as fillers, or bind with polymer chains via specific physical or chemical
bonding serving as network crosslinkers. The NPs can be engineered from various materials
including metals, oxides and semiconductors, with a variety of shapes such as spheres, plates and
sheets (72-74).
Because of NPs' large surface area, a high number of polymer chains can be connected at each NP
crosslink, thus offering strong interaction at the polymer/NP interface and high mechanical
reinforcement. For example, Haraguchi et al. developed a mechanically strong nanocomposite
hydrogel with clay nanoplates bridged by poly(N-isopropyl acrylamide) (PNIPAM) polymer
chains (74). Because of the reversible hydrogen bonding between PNIPAM chains and clay
surfaces, this nanocomposite gel exhibits intrinsic self-healing after mechanical damage (75).
Wang and Aida et al also developed a nano clay hydrogel assembled by electrostatic interactions,
showing high stiffness (G'> 3x 105 Pa) and self-healing behavior with very low polymer content
(0.38 wt%) (18).
In addition to mechanical improvement by nano clay, many metal and metal oxide nanoparticles
exhibit unique electronic, optical and magnetic properties, therefore they can introduce multi-
functional properties such as electric conductivity (10), magnetic (11) and optical response (76)
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into nanocomposite hydrogels. However, due to lack of controllable interfacial chemistry, these
functional particles are typically simply dispersed in the gel matrix instead of participating in the
network formation. Thus, coupling the mechanical behavior and functional properties of
nanocomposite hydrogels is still a challenge. A well-defined surface chemistry to assemble these
functional nanoparticles into a dynamic gel network would be critical for designing stimuli-
responsive smart hydrogels.
1.5 Mussel-Insired Metal-Coordination Chemistry
1.5.1 Catechol Coordination Chemistry in Biology
Mussels are common aquatic organisms whose habitat is mainly rock surfaces in the sea. The
mussels can firmly hold themselves against sea waves even in severe storms, by attaching their
byssal threads onto rock surfaces. In recent years, research on the microstructure of byssal threads
revealed that the extensible protective coating on the outside of the fiber core contributes to
mechanical strength and shields the byssal thread from damage (77), as shown in Figure 1.6 (a).
Further studies into the chemical constitution of mussel fiber coatings showed that the catecholic
amino acid "DOPA" in mussel foot proteins (Mfps, major protein components in the mussel fiber),
as shown in Figure 1.6 (b), plays a crucial role in their adhesive and rigid properties (78, 79). In
mussel fiber coatings, the Mfp backbones are crosslinked by coordination bonds between DOPA
and Fe 3 , yielding high material stiffness and internal self-recovery.
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The critical role of DOPA in mussel protein mechanics is determined by the rich chemistry of
catecholic compounds. Catechol is a weak acid with two adjacent hydroxyl groups on a phenyl
ring, which is very reactive and vulnerable to oxidation. The hydroxyl groups can be deprotonated
in basic environment, and chelate with various metal ions (such as Fe3+, V3 +, Ti3 +) via coordination
bonding. These metal-catechol coordination bonds possess both near-covalent strength and full
reversibility (53, 80, 81). In the cuticle of byssal threads, high density of Fe-DOPA complexes are
formed across protein chains in the hardened granule phase, which contribute to its excellent
mechanical performance (78), as illustrated in Figure 1.6 (c). In addition to crosslinking the
internal network, DOPA molecules are found to exhibit strong affinity to various solid surfaces,
such as metal, mica, titanium oxide, iron oxide, silicon oxide and glass, primarily by coordination
bonds to metal atoms on these solid surfaces (82-86). This specific interfacial interaction account
for the strong adhesion of byssal threads on many substrates.
1.5.2 Catechol Coordination Chemistry in the Self-Assembly of Synthetic
Materials
Inspired by mussel's utilization of DOPA groups, material scientists and polymer chemists are
developing novel synthetic materials based on catechol coordination chemistry. For example, the
coordination of catechol with metal ions, especially Fe3+, can be used as a strong and facile
interaction for self-assembly of molecules. Holten-Andersen et al. designed a 4-arm polyethylene
glycol (PEG) polymer with DOPA groups at the ends, and prepared hydrogels by crosslinking the
polymer with Fe 3+ through coordination bonds (25). Since the coordination state is dictated by
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deprotonation of DOPA groups, the gelation process can be induced and controlled by pH change
(see Figure 1.6 (d)). Due to the high bond energy and reversible nature of coordination bonds, the
resulting hydrogel exhibits rapid self-healing behavior upon damage as well as high elastic moduli
similar to covalently crosslinked gels. Modified catechol derivatives, such as nitro-catechol, are
also used in similar metal-coordination hydrogels for their higher oxidation resistance and affinity
with Fe 3 (29).
The strong affinity of catecholic groups to solid surfaces has also been exploited as interfacial
interactions for surface modification. For example, by introducing catechol groups as the polymer
chain end, single molecular anti-fouling layers can be assembled on various solid substrates (87).
The Fe-catechol binding can be applied on surfaces of colloidal particles as well. A series of
catechol-modified PEG ligands have been developed to stabilize superparamagnetic iron oxide
(Fe304) nano particles in aqueous phase (88), as shown in Figure 1.6 (e). With the same principle,
catechol groups are also used to immobilize functional molecules on iron oxide nanoparticles (89).
These previous results demonstrate the potential of utilizing Fe-catechol coordination as
crosslinking bonds in a nanocomposite hydrogel.
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Figure 1.6 1 Catechol coordination chemistry in mussel's byssal threads and synthetic materials. (a) Photo
image of mussel and SEM image of the core-shell microstructure of its byssal threads. (b) Molecular
structure of a section of one Mfp sequence (DOPA marked in red color). (c) Schematic illustration of the
proposed cohesive role of DOPA-Fe complexes in byssus cuticle. (d) Hydrogel crosslinked by Fe-catechol
coordination bonds with pH-induced gelation. (e) Ultra-stable Fe304 nanoparticles in aqueous phase, with
surface modified by catecholic PEG ligand as dispersant. Images adapted from Reference (25, 77-79, 88).
33
Chapter 2. Scope of Study
2.1 Objectives
Recent studies have greatly expanded the scope of various self-healing polymeric soft materials,
especially self-healing hydrogels (19). However, the development of systematic methods for
designing desired self-healing performance is still in its infancy. One of the greatest challenges for
practical applications is how to balance the healing kinetics with mechanical robustness: slow
network dynamics will result in slow healing, while too fast dynamics may lead to fluid-like
behavior and weak mechanical stiffness. Therefore, to design self-healing hydrogel materials with
controllable healing kinetics, a quantitative understanding of the origin of network dynamics in
these materials is of critical importance.
A lot of previous studies have been focused on the dissociation kinetics of individual crosslinking
bonds, which requires extensive synthetic effort to explore desirable bond chemistry. An
alternative approach would be regulating the material's dynamic behaviors by optimal network
design, which is a more universal strategy independent of crosslinking chemistry, yet current
understanding of the relationship between network structure and macroscopic dynamic properties
is still very limited.
34
CHAPTER 2. SCOPE OF STUDY
To provide insights for the advancement of this design strategy, we are developing various
dynamic gel networks with metal-coordination crosslinks and hierarchical assembly of these
crosslinks. In this thesis, we are extending the crosslink structure in metal-coordination hydrogel
networks from simple coordination complex to assembly of multiple coordinated ligands on a
nanoparticle, by utilizing mussel-inspired catechol coordination chemistry. With well-controlled
gel network structure and systematic dynamic mechanical studies, we aim to extract a relationship
between network's structural factor and key parameters in the material's relaxation kinetics, and
explore a systematic method for controlling the dynamic mechanics by structural design.
Furthermore, as examples for utilizing these design principles, we will demonstrate a novel stiff
and rapid self-healing hydrogel with broadly controllable dynamic mechanics. We expect the
information obtained in this thesis study will pave the way for controlling material's dynamic
mechanics by rational network design, and optimizing the desired performance for self-healing
soft materials.
2.2 Structure of the Thesi"Is
This thesis is organized as follows:
In Chapter 1, we first cover the necessary background to construct this thesis study, including the
concept and mechanism of self-healing materials, fundamentals of dynamic mechanics in
viscoelastic materials, chemical origin and physical models for dynamic supramolecular hydrogels
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and nanocomposite hydrogels, and mussel-inspired catechol coordination chemistry for polymer
self-assembly.
In Chapter 2, we introduce the objectives for this thesis study, the structure of the thesis, and other
relevant works that are not discussed in detail in this thesis.
In Chapter 3, we listed the protocols for experimental methods used in this thesis study, including
material synthesis methods and various characterization methods (mechanical, spectroscopic,
structural, etc.).
In Chapter 4, we demonstrate the preparation of a self-assembled hydrogel network with Fe304
nanoparticles as network crosslinks (NP gel). We will discuss the experimental results in material
synthesis, gel network structural characterization and gelation mechanisms for NP gel system.
In Chapter 5, we further investigate the dynamic mechanics of NP gels. By comparison with other
catechol-PEG hydrogels, we study the unique relaxation kinetics resulted from supramolecular NP
crosslink structures. Further study into the interfacial energy and crosslink structure reveals the
relationship between macroscale mechanics of nanocomposite materials and nanoscale crosslink
geometry.
In Chapter 6, we explore the correlation between the structural hierarchy of the supramolecular
crosslink designs and the resulting distributions of stress relaxation modes, by analyzing the stress
relaxation of three dynamic gel network systems assembled via three different metal-coordination
assembly structures. These studies correlate two key parameters in relaxation kinetics
(Kohlrausch's exponent a and relaxation time r) to the network's hierarchical structure.
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In Chapter 7, we demonstrate a model hybrid gel system assembled by two supramolecular
crosslink structures with the same coordination chemistry. Because of the large difference in
crosslink functionality, the two crosslinks introduce both fast and slow relaxation modes with
distinct timescales, which enables a drastic change in the gel network dynamics and viscoelastic
properties across different crosslink compositions. This hybrid gel system allows for manipulating
dynamic mechanics towards desired self-healing performance, and shows a new strategy for
designing strong and rapid self-healing soft materials.
2. 3 W orkIis n t Dscu s s ed in .D e ta i in t.hIIis Ths is
Aside from my main thesis topic, I have also participated in other relevant projects as part of my
graduate study, including stimuli-responsive gel mechanics coupled with luminescence properties,
assembly of iron oxide nanoparticles into hierarchical nanostructures, and bio-inspired assembly
of titanate nanosheets for biomacromolecule analysis. Although not directly under the topic of this
thesis, these studies greatly expanded my perspective and skills in soft matter physics, interfacial
chemistry and nanomaterial assembly, and provided profound inspiration for my thesis work.
Publications based on these works can be found in:
1. P. Chen, Q. Li, S. C. Grindy, N. Holten-Andersen. "White-Light-Emitting Lanthanide
Metallogels with Tunable Luminescence and Reversible Stimuli-Responsive Properties".
J. Am. Chem. Soc. 2015, 137 (36), 11590-11593.
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2. B. S. Chapman, W.-C. Wu, Q. Li, N. Holten-Andersen, J. B. Tracy. "Heteroaggregation
Approach for Depositing Magnetite Nanoparticles onto Silica-Overcoated Gold
Nanorods". Chem. Mater. 2017, 29, 10362-10368.
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3.1. Synthesis o Catech \I-F_ nctio4aS zed Poy es
3.1.1 Synthesis of mPEG-c
228 mg (1.2 mmol) dopamine hydrochloride is neutralized for 15 min with 0.3 mL (2.7 mmol)
NMM in 7.5 mL dry DMF under N2 atmosphere. Then 1 g (0.5 mmol) mPEG-NHS (MW = 2000
Da) dissolved in 7.5 mL DMF is added, and the mixture is stirred with N2 protection at room
temperature for 24 hours. The reacted solution is acidified by adding 15 mL IM HCl (aq), and the
product is extracted with CHCl 3 3 times. The organic layers are pooled together, dried with NaSO4,
and solvent is removed by rotary evaporation. Finally, the product concentrate is precipitated in
cold Et20 (-20 C), filtered and dried. 'H NMR (300 MHz, D20) 6 (ppm): 6.7-6.8 (m, 3H,
aromatic), 3.3-4.0 (m, -O-CH2-CH2-), 3.4 (t, 2H, CH2 adjacent to aromatic ring), 2.7 (t, 2H, -CH2-
NH-CO-).
3.1.2 Synthesis of 4cPEG
4cPEG is synthesized following previously reported procedures (90). Briefly, 10 g of 4-arm PEG
was added to a twoneck round-bottom flask, which was purged with Ar. Anhydrous DCM (80 mL)
was added to dissolve the PEG. TEA (2.5x mol equiv relative to -OH) was added, and the solution
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was stirred for 15 min. 4NPC (2.5x mol equiv relative to -OH) was dissolved separately in
anhydrous DCM (20 mL) and slowly added to the 4-arm PEG solution. The reaction was allowed
to proceed for ~18 h at room temperature in an inert environment of Ar. The volume was reduced
by rotary evaporation, and the activated 4-arm PEG-NPC was collected by precipitation in cold
Et20 and -20 'C MeOH (2x). The product was then dried under vacuum overnight. Purified 4-
arm PEG-NPC was combined with 90 mL of a 2:1 (v/v) solution of DMF and DCM. Once
dissolved, dopamine hydrochloride (2.5x mol equiv relative to -NPC) was added. When the
solution was homogeneous, the reaction was activated by the addition of TEA (2.5x mol equiv
relative to -NPC) and stirred for - 18 h. The volume was reduced by rotary evaporation, and the
PEG was collected by precipitation in acidified cold ether and acidified MeOH at -20 'C. The
product was then dried under vacuum overnight and dissolved in ~100 mL of 12.1 mM HCl. The
solution was filtered, dialyzed (3500 MWCO) against water at pH 4 for 24 h, dialyzed against
Milli-Q water for 4 h, frozen at -80 'C, and lyophilized. The final purified 4cPEG was obtained
as a white solid and stored under Ar at -20 'C until needed. 1H NMR (D20) 6 (ppm): 6.6-6.8 (m,
3H, aromatic), 3.4- 4.1 (m, -O-CH 2-CH 2-), 3.3 (t, 2H, CH2 adjacent to aromatic ring), 2.7 (t, 2H,
-CH2-NH-CO-). The conjugation efficiency is 94% calculated from the absorbance at 280 nmn.
3.1.3 Synthesis of 4nPEG
Nitro-dopamine is first synthesized from dopamine following reported methods with minor
modifications (91). 1 g dopamine hydrochloride and 1.26 g NaNO2 are dissolved in 30 mL H20.
The mixture is stirred and cooled in salt-ice bath, and 5 mL 20% H2SO 4 is slowly dropped into the
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mixture upon stirring with temperature kept below 4 'C. The yellow precipitate that is obtained is
washed with cold H20 3 times, cold methanol twice, and cold H20 twice. Then the product is
mixed with 80 mL H20 and freeze-dried. The nitro-dopamine hydrogen sulfate product is yellow
powder, with 1H-NMR (300 MHz, D20) 6 (ppm): 7.67 (in, 1H, aromatic), 6.87 (m, 1H, aromatic),
3.29 (t, 2H, CH2 adjacent to -NH2), 3.17 (t, 2H, CH2 adjacent to aromatic ring).
0.6 mmol nitro-dopamine hydrogen sulfate (178 mg) is neutralized for 15 min with 110 pL (1
mmol) NMM in 4 mL dry DMF under N2 atmosphere. Then 1 g (0.1 mmol) 4-arm PEG-NHS
(MW = 10 kDa) dissolved in 4 mL DMF is added, and the mixture is stirred with N2 protection at
room temperature for 24 hours. The reacted mixture is mixed with 15 mL 1 M HC (aq), dialyzed
with water (MWCO = 3500 Da) for 2 days (water exchanged for > 5 times), and freezed-dried. 1H
NMR (300 MHz, D20) 6 (ppm): 7.6 (in, 1H, aromatic), 6.7 (in, 1H, aromatic), 3.6-3.9 (in, -0-
CH2-CH2-), 3.5 (t, 2H, CH2 adjacent to aromatic ring), 3.1 (t, 2H, -CH2-NH-CO).
3.2 Synthesi~s of Iron Oxide Nanopartilees (F1e10 "4 NPs)
3.2.1 Synthesis of Bare Fe304 NPs: Route A
Bare Fe304 NPs was synthesized following previously reported methods with minor modifications
(92). Briefly, 687 mg of Fe(acac)3 was dissolved in 9 mL of benzyl alcohol. The mixture was
heated to 170 *C with reflux and stirring at 700 rpm for 24 h. The reaction mixture was cooled
down and mixed with 35 mL of EtOH, then centrifuged at 10000 rpm for 10 min. The supernatant
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was discarded, and the precipitate was washed with 40 mL of EtOH for twice. Fe304 NPs
synthesized by Route A are used for studies in Chapter 4, 5 and 6.
3.2.2 Synthesis of Bare Fe304 NPs: Route B (from S. Mishra and B. S. Chapman)
Oleylamine-stabilized Fe304 NPs with an average diameter of 7 nm were synthesized by scaling
up a heat-up method (93). 3.12 g of Fe(acac)3 was mixed with 45 mL of benzyl ether and 45 mL
of oleylamine in a 250-mL, three-necked, round-bottomed flask equipped with a condenser,
thermocouple, and rubber septum. The condenser was then connected to a vacuum and inert gas
manifold, and the system was placed under vacuum for 1 hour at room temperature, followed by
heating to 90 'C, backfilling with N2, and then heating to 120 'C for 1 hour. The temperature was
then ramped (at a rate of -15 'C/min) to 290 'C and held for 1 hour. Upon cooling to room
temperature, the product was purified by centrifugation by adding an equal volume of ethanol to
the product and centrifuging at 2,500 g, followed by redispersion in hexanes for storage. Fe304
NPs synthesized by Route B are used for studies in Chapter 7.
3.2.3 Surface Modification of Fe304 NPs
For Route A: The NP precipitate was re-dispersed in 80 mL of 1:1 (v/v) solution of CHCl 3 and
DMF, and 100 mg of mPEG-COOH was added. The mixture was homogenized and equilibrated
by pulsed sonication (pulse, 10 s on + 4 s off; power, 125 W) for 1 h. Then, the mixture was
centrifuged at 10000 rpm for 10 min to remove any aggregates, and rotary evaporated at 50 'C, 30
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mbar for >8 h to remove CHCl 3. After CHCl3 was confirmed to be completely removed, the NP
dispersion in DMF was dialyzed with water (MWCO = 3500 Da) for 1 day (water exchanged
for >3 times) to exchange solvent. Finally, the NP aqueous solution was lyophilized, and
hydrophilic Fe304 NPs decorated by mPEG-COOH were stored as powder. From thermal
gravimetric analysis (TGA) results, the Fe304 weight percent in the NP powder was determined to
be 45-60 wt %
For Route B: 100 mg as-synthesized NPs are re-dispersed in 5 mL THF, and 100 mg mPEG-c is
added. The mixture is stirred in a closed container at 50 *C for 24 hours to complete surface ligand
exchange. Then the mixture is precipitated in 30 mL hexane, and the NP precipitate is washed by
30 mL hexane for twice. After drying out the remaining hexane, the NP is stored as powder and
can be readily re-dispersed in water into a homogeneous colloid solution. The weight percent of
Fe304 core in the PEGylated NP is determined to be around 50 % from thermal gravimetric
analysis (TGA) results. The mass of Fe304 core is used for NP wt% calculation in each hybrid gel
sample.
3.3 Synthesi s of els
3.3.1 Synthesis of Fe3' Gels
Preparation procedure is similar to reported protocol (25). For Fe3'-4cPEG aqueous gel in Chapter
4 and 5, 100 pL of 200 mg/mL 4cPEG aqueous solution was mixed with 33 pL of 80 mM FeCl3
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solution (catechol/Fe 31 molar ratio of 3:1), resulting in a dark green solution. Then, it was mixed
with 67 ptL of 1 M NaOH solution and a dark red gel is formed.
For Fe 3'-4nPEG/4cPEG DMSO gel in Chapter 6, 50 [tL of 200mg/mL 4nPEG or 4cPEG solution
in DMSO is mixed with 16.7 ptL of 80 mM FeCl3 solution in DMSO (ligand: Fe3+ molar ratio of
3: 1). Then 33.3 pL DMSO and 13.8 gL TEA is added to facilitate deprotonation, and a gel is
formed.
3.3.2 Synthesis of NP Gels
For each NP hydrogel sample in Chapter 4 and 5, surface-modified Fe304 NPs and 20 mg of 4cPEG
were dissolved in 200 [tL of H20. The Fe304 concentration in the mixture can be determined by
controlling the amount of Fe304 NP powders added (note: concentration is calculated in Fe304
weight; actual NP powder weight added was calculated based on Fe304 concentration and Fe304
weight ratio in NP powders determined by TGA). Unless specified, Fe304 concentration in gel
samples is 100 mg/mL. The solution mixture was transferred into a mold and sealed, and a solid
gel was obtained after curing in a 50 'C oven for 24 h.
For each NP DMSO gel sample in Chapter 6, 29 mg PEGylated Fe304 NPs (equivalent to 20 mg
Fe304 core) and 20 mg 4nPEG were dissolved in 200 p.L DMSO. The solution mixture was
transferred into a mold and sealed, and a solid gel was obtained after curing in a 50 *C oven for
24 hours.
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3.4.3 Synthesis of Fe 3 -NP Hybrid Gels
75 tL of 200 mg/mL 4nPEG aqueous (aq) solution is mixed with 25 pL FeCl 3 (aq) solution and
75 pL Fe304 NP (aq) solution subsequently. The concentrations of FeCl3 solution and Fe304 NP
solution are based on the composition of the hybrid gel sample. For example, 80 mM FeCl3 and
103 mg/mL Fe304 NP solutions are used to prepare a NP3.5-Fel gel. Then 45 pL IM HEPES
buffer solution (pH = 7.8) is added to raise the pH and induce instant gelation. The sample is then
sealed in the mold and cured at 50 'C oven for 24 hours. With different molds, the gel samples can
be prepared into specific desired shapes.
3.3.3 Synthesis of Covalent 4cPEG (CV) Gels
Preparation procedure is similar to reported protocol (25). For each sample, 100 gL of 200 mg/mL
4cPEG aqueous solution was mixed with 100 pL of 40 mM NaIO4 solution (catechol/104- molar
ratio of 2:1). The solution mixture was transferred into a mold and sealed. An orange, elastic solid
gel was obtained after curing at room temperature overnight.
3.3.4 Synthesis of Poly-Metal-Organic-Cage (PolyMOC) Gels (from A.
Zhukhovitskiy)
The synthesis of polymer and gel preparation procedures for polyMOC is the same as a reported
protocol (61).
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3.4 Rheology easurements
The dynamic mechanical properties of the gels are tested on an Anton Paar rheometer in parallel
plate geometry, with a 10-mm diameter flat probe. All tests except for gelation test are done
immediately after transferring the gel sample onto the sample stage. A Peltier hood is used for all
experiments to control the measurement temperature and prevent solvent evaporation.
Oscillatory frequency sweep testing of gels was performed at constant 1% strain and angular
frequency ranging from 100 rad s- to 0.1 rad s-1 on a logarithmic scale while monitoring the storage
modulus (G') and loss modulus (G "). Each experiment is performed on 3 parallel samples to
ensure repeatability.
Stress relaxation tests are performed by applying a 2 % step strain (y = 0.02), and then the stress
a(t) and relaxation modulus G(t) = u/y was monitored over time. G(t) is normalized by the initial
recorded relaxation modulus Gi in each plot's data range.
3.5 Tensile Tests
Gel specimens for tensile tests are prepare in a dog-bone shaped mold with the gage length = 4.0
mm, width = 1.9 mm and thickness = 1.4 mm. To load the gel specimen without breaking it by the
grips, the grip sections of the dog-bone shaped specimen are bonded to two 18 mm x 5 mm acrylic
sheets by adhesives. The two sheets are held by the grips of the tensile tester to prevent direct
gripping on the soft gel samples. Experiment configuration is shown in Figure 3.1.
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Figure 3.1 1 Experiment setup and sample loading configuration for tensile tests of a gel specimen
The tensile experiments are performed on a CellScale UStretch mechanical tester with a 0.5 N
loadcell. To prevent gel dehydration, a chamber connected to a humidifier is used to keep the
moisture environment during the experiments. Unless indicated, all tensile experiments are
performed at displacement speed of 0.83 mm/s (corresponding to a strain rate of 20.8% s4 in the
gel specimens). Each experiment is performed on 3 parallel specimens to ensure repeatability.
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3.6 Raman Spectroscopy
For Raman spectroscopic studies, a continuous laser beam was focused on the samples through a
HoloLab Series 5000 Raman microscope (Kaiser Optical Systems, Inc.). A 785 nm near-infrared
laser excitation (Invictus, Kaiser Optical Systems, Inc.) was used in combination with a 50x
microscope objective. Samples were loaded on a glass substrate coated with gold. A laser power
of 20 mW combined with a short integration time of 0.5 s was used for each measurement to
prevent the sample from burning by the laser beam. Each collected spectrum consisted of 120
accumulations of a 0.5 s integration time. The obtained spectra were smoothed with a Savitzky-
Golay smoothing filter, and the baseline was flattened.
3.7 UV-Vis Spectroscopy
UV-vis absorption spectra ranging from 800 to 220 nm of solutions were collected on a Cary 500i
UV-vis-NIR Dual-Beam Spectrophotometer. The samples were measured in a quartz cuvette with
a path length of 1 cm, and the background absorption was subtracted before measurement. To
quantitatively determine the amount and conjugation efficiency of catecholic groups in 4cPEG and
mPEG-dopa samples, all samples were dissolved in 0.1 M NaAc/HAc buffer (pH = 5.2) to
eliminate the influence of pH. Spectra of dopamine samples with different concentrations ranging
from 0.10 to 0.51 mmol L-l were collected, and a standard curve was obtained by linear fitting
from their absorbance at 280 nm. The amounts of catecholic groups in polymers can then be
calculated by applying the absorbance at 280 nm into the standard curve (see Figure S 12). To study
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the oxidation of 4cPEG after treating with Fe304 NPs, excess amount of 4cPEG (50 mg) was
added into 3 mL of 3.3 mg/mL Fe304 NP aqueous dispersion, and the mixture was stirred at 50 'C
for 24 h (same as gelation condition). Then, the solution was filtered through a centrifugal filter
with a cutoff size of 100 kDa so only the free polymers penetrate through the filter. After filtration,
the colorless solution at the bottom was diluted by 5 times and UV-vis spectra were collected on
this sample. For comparison, samples of a pristine 4cPEG solution as well as an oxidized 4cPEG
solution (by mixing 4cPEG and NaIO4 in 1:1 mol ratio) were also prepared for UV-vis
measurement.
UV-Vis absorption spectra of gels are collected on a DeNovix DS- 11 spectrophotometer. About
1 pL of gel sample is set onto the sample surface of microvolume measurement detector, and
absorption data is directly measured in the range from 250 nm to 750 nm.
3.8 N er Magnetic Resonance (NM r) Spect rscopy
The solvents NMR samples were deuterium oxide (D20, 99.9% atom%, Sigma-Aldrich). The
spectra were obtained on a Varian Mercury 300 MHz NMR spectrometer.
3.9 Dyiin ic LigtkSatter"ng(D )
DLS measurements were performed on a DynaPro NanoStar Light Scatterer. The sample was
prepared by filtering 0.50 mg/mL 4cPEG aqueous solution through a 0.2 ptm cutoff syringe filter
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prior to measurements. To check reproducibility, each measurement was repeated three times on
the same sample, and 10 acquisitions were collected for each measurement.
3 .10 Thernai Grviet Analysis (TG A)
Freeze-dried stabilized Fe304 NP powder was analyzed by a TGA Q500 (TA Instruments).
Samples were equilibrated at 35 'C for 30 min, and then heated from 35 to 600 'C at 10'C/min in
air atmosphere with a flow rate of 60.0 mL/min. The mass profile with increasing temperature was
recorded.
3. Ti'ransmissilon.Electron iM.icroscopy(T )
For TEM and HRTEM analysis of Fe304 nanoparticles, a JEOL 2010 TEM operating at 200 kV
was used. The sample was prepared from drying aqueous solution of mPEG-COOH stabilized
Fe304 NPs on Cu grids. The size distribution of NPs was counted by Pebbles v2.0 software (94).
For TEM imaging of NP hydrogels, a FEI Technai Spirit TEM operating at 80 kV was used. The
gel samples were first dehydrated by ethanol and propylene oxide, and then embedded in Embed
812 resin (Electron Microscopy Sciences). The samples were cut with a Reichert Ultracut E
ultramicrotome.
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3. Scianning Ilectron Microscopy (SEM)
For SEM analysis, a Zeiss Merlin operating in high vacuum was used. An acceleration voltage of
kV was chosen for recording the images. The gel samples were first freeze-dried, cut for cross-
section by a razor, and then coated with a thin layer of gold in order to avoid charging effects.
.12 Small-Angle X-Ray Scattering (SAXS)
The SAXS/WAXS data was collected at the X-ray beamline 12-ID-B at the Advanced Photon
Source, Argonne National Laboratory. The photon energy was 14 keV (i.e., wavelength was
0.08857 nm), the beam size was 60 x 200 um2 , and the detectors used were Pilatus 2M (SAXS)
and Pilatus 300K (WAXS). The sample-to-detector distances were calibrated using silver
behenate (AgBe), and for the SAXS detector it was 3612.22 mm. Linkam TMS600 hot stage was
used to heat the samples, and at each temperature, an equilibration time of 3 minutes was
used. The samples were prepared by pressing them into aluminum washers with a -2-3 mm
inner diameter (sample thickness was 51 mm).
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Chapter 4: Assembly of Nanoparticle-Crosslinked
Hydrogels (NP Gels)
Adapted with permission from: Q. Li, D. G. Barret, P. B. Messersmith, N. Holten-
Andersen. "Controlling Hydrogel Mechanics via Bio-Inspired Polymer-Nanoparticle
Bond Dynamics". ACS Nano, 2016, 10 (1), 1317-1324. Copyright C 2015 American
Chemical Society.
Recent advances in hydrogel design have removed past material limitations dictated by
traditionally low strength and high fragility (low toughness), which has opened the door for more
widespread tissue-implant applications. For example, incorporation of inorganic nanoparticles
(NPs) has been demonstrated to reinforce the hydrogel matrix, resulting in stronger and tougher
nanocomposite gels (95, 96). Through specific interactions with the hydrogel polymer chains,
nanoparticles can effectively contribute to the polymer network elasticity and thereby increase the
mechanical strength of the gels (97). Furthermore, if the polymer-particle interfacial crosslinks are
mechanically reversible (achieved for example via electrostatic interactions or hydrogen bonds),
dynamic hydrogels with intrinsic self-healing capabilities can result (18). Yet, while successful
incorporation of reversibly crosslinked nanoparticles has been achieved in a few select hydrogel
systems, control over polymer-nanoparticle interaction dynamics is still limited in aqueous media
(18, 95, 98). An expanded repertoire of controllable polymer-particle interfacial bond dynamics
could help to broadly advance the functional engineering of nanocomposite hydrogel mechanics.
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a
As-prepared NPs Stabilized NPs (aq)
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4cPEG (MW 0 kDa)
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(09: Fe(III) atoms at NP surface)
0
mPEG.COOH (MW~2600)
Figure 4.1 1 Assembly of NP hydrogel network. (a) Schematic illustration of the preparation procedures of
Fe304 nanoparticle-crosslinked hydrogel (NP gel). (b) Molecular structures of the polymer building block
4cPEG, and hydrophilic stabilizing ligand mPEG-COOH.
As discussed in Chapter 1, mussel-inspired catechol-coordination chemistry has been used to
assemble polymer chains into highly dynamic hydrogel networks (25). If we use the same
chemistry to assemble polymer chains onto surfaces of nanoparticles (NPs), we may obtain a novel
nanocomposite hydrogel network with dynamic interfaces at NP crosslinks. In this unique network
structure, network crosslink junctions are hierarchical assemblies of polymer chains with high
functionalityf, which enables a high freedom of engineering on the crosslink structure as well as
the interfacial dynamics. Herein, we choose Fe304 NPs and 4-arm catechol-terminated
polyethylene glycol (4cPEG) as building blocks to assemble a NP gel network (as shown in Figure
4.1), which serves as a model system for subsequent mechanics studies.
53
CHAPTER 4. ASSEMBLY OF NANOPARTICLE-
CROSSLINKED HYDROGELS (NP GELS)
4.1 Synthesis of M .aterial Buiiilding locks
4.1.1 Synthesis of Fe304 NPs and Size Control
For ease of subsequent surface modification and assembly into gel network, bare Fe304 NPs
without hydrophobic surfactants (such as oleylamine, oleic acid, trioctylamine, etc.) would be
preferred. Here we adopted the surfactant-free non-aqueous synthesis approach in benzyl alcohol
solvent developed by Niederberger et al (92). In this reaction, iron (III) acetylacetonate (Fe(acac)3)
as the precursor thermally decomposes and form spherical magnetite (Fe304) nanocrystals, while
benzyl alcohol both serves as the solvent and surface ligand.
Elevated reaction temperature will accelerate the growth kinetics of crystal nucleus, thus
increasing the size of obtained NPs. In our experiments, Fe304 NPs synthesized at 170 'C exhibit
near-spherical shape with average diameter d= 9.4 1.8 nm and good crystallinity; in comparison,
when the reaction temperature is lowered to 160 'C, the obtained Fe304 NPs show more irregular
morphology, with smaller diameter d = 6.6 1.2 nm and poorer crystallinity (as shown in Figure
4.2). Therefore, the size of NPs can be controlled simply by adjusting the synthesis temperature,
which provides a convenient knob for studying the impact of crosslinking junction size on gel
dynamic mechanics (details are included in Chapter 5).
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Fe304 NPs synthesized from Fe(acac) 3 at 170 *C
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Fe3O4 NPs synthesized from Fe(acac)3 at 160 *C560m
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Figure 4.2 I (From left to right:) TEM images, high resolution TEM (HRTEM) images (including the Fast
Fourier Transform (FFT) pattern correspondent to Fe3O4 (220) plane with inter-planar distance d= 0.3Onm
as the inset), and the size distribution of as-synthesized Fe3O4 NPs from Fe(acac)3 precursor, grown at 170 *C
(above) and 160 C (below).
4.1.2 Surface-Modified Water-Soluble Fe3O4 NPs
Before assembly with 4cPEG into a hydrogel network, Fe3O4 NPs must be homogeneously
dispersed into aqueous phase. Therefore, the benzyl alcohol molecules adsorbed on as-synthesized
NP surfaces need to be replaced by some hydrophilic stabilizing ligand, such as mono-
functionalized PEG that binds to Fe3O4 surface with the functional group at one chain end. Here
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Figure 4.3 1 Surface modification of Fe304 nanoparticles. (a) Photo images showing the powder of surface-
modified Fe304 NP@mPEG-COOH (left) and its aqueous solution (right). (b) FTIR absorption spectra of
Fe304 NP@mPEG-COOH, mPEG-COOH and bare Fe304 NPs, confirming the presence of mPEG-COOH
molecules on surface-modified Fe304 NPs. (c) A typical TGA weight profile of Fe304 NP powder decorated
by mPEG-COOH with increasing temperature from 35 'C to 600 'C, in air.
the selection of the functional group is critical for successful gel assembly. If the binding affinity
to Fe304 is too weak, the NP surfaces may not be well covered with PEG ligands, thus the unstable
NPs may aggregate in the aqueous phase and can no longer serve as network crosslinks. If the
binding affinity is too strong (similar or stronger than catechol), catechol groups on 4cPEG may
not effectively substitute these mono-functionalized ligands in the following gelation step, so an
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interconnected network will not form. For these reasons, we chose carboxylic group (mPEG-
COOH) with moderate binding affinity (88). After surface modification, Fe304 NP@mPEG-
COOH powder can be readily re-dispersed into an aqueous solution, as Figure 4.3 (a) shows. FTIR
spectra confirmed successful modification of mPEG-COOH on NPs (see Figure 4.3 (b)). Based
on TGA results, the typical weight % of mPEG-COOH in the modified NPs is 40%~55%.
4.1.3 Polymer Design: 4-Arm Catechol-PEG (4cPEG)
The polymer building block for NP gel is a 4-arm PEG with catechol groups at the end of each
arm, which is similar to what has been used to form a Fe 3 -coordination dynamic hydrogel. The 4
arms will increase the statistical possibility of bridging two adjacent NPs, instead of forming
elastically inactive surface loops. The chemical structure of synthesized 4cPEG is confirmed by
1H-NMR spectroscopy, and the catechol conjugation efficiency is > 94% as determined by
catechol's absorption peak at 280 nm in UV-Vis spectra (see details in Figure 4.4). In aqueous
solution, the hydrodynamic diameter of 4cPEG (dpot) is ~6 nm as shown by dynamic light
scattering (DLS) measurements, very close to the size of Fe304 NPs used in this study.
4.2 Assembly of N.1P G"el Network
With stabilized Fe 304 NPs and 4cPEG as the building block, we mix the two in unbuffered water
(pH ~ 4-5), and cure the mixture in sealed mold at 50 'C for 24 hours. Because of the higher
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binding affinity to Fe(III), the catechol groups on 4cPEG chain end will substitute the mPEG-
COOH ligands anchored on Fe304 NP surfaces, and connect NPs into a hydrogel network. This
ligand exchange process needs to be activated at 50 *C for > 10 hours to reach equilibrium. The
gelation curve in Figure 4.5 (a) clearly shows the kinetics of this gelation process.
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Figure 4.4 | Chemical characterization of 4cPEG. (a) 'H-NMR spectrum of 4cPEG, showing expected
chemical structure. (b) DLS spectrum of 4cPEG aqueous solution, showing a mono-disperse hydrodynamic
diameter drol = 6.2 nm. (c) UV-Vis spectra of dopamine aqueous solution standard series, and (d) standard
calibration curve based on their absorbance at 282 nm. (e) UV-Vis spectra of 0.30 mmol L-1 4cPEG and
mPEG-c solutions, showing catechol group's characteristic absorption peak at 280 nm. Conjugation
efficiencies are determined by the intensity of this peak as 94% and 99% respectively.
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Unlike the previously reported slow-flowing viscoelastic fluid-like properties of Fe3 - metal-ion
crosslinked networks (25), the 4cPEG-NP crosslinked networks are self-standing gels that
maintain their shape at room temperature. Due to the magnetic properties of the Fe304 NPs the
NP-polymer gels respond to magnetic fields as they can be attracted by a magnet, as shown in
Figure 4.5 (c) and (d).
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Figure 4.5 1 Gelation of NP gels. (a) Measuring NP gel assembly kinetics at 50 C by monitoring G'(storage
modulus) and G" (loss modulus) over time (NP volume % is 1.9%). (b) and (c): photo images showing
stabilized Fe 304 NPs in aqueous dispersion and a self-standing solid hydrogel obtained after assembly with
4cPEG at 50 C for 24 hours. (d) Photo image showing the obtained NP gel can be attracted by a magnet.
59
a
c-
104
103
101
100*
CHAPTER 4. ASSEMBLY 
OF NANOPARTICLE-
CHAPTER 4. ASSEMBLY OF NANOPARTICLE-
CROSSLINKED HYDROGELS (NP GELS)
4.3 Structural Characterization of NP Gel
The nano-scale internal structure of NP gel can be visualized by cross-sectional SEM and TEM.
From SEM and TEM images as shown in Figure 4.6, long-range features of nano-scale assemblies
are clearly visible: gel matrix form network-like structures, with void spaces in the network. In the
zoom-in images, we can see NPs are evenly dispersed within the gel networks with an average
inter-particle distance dp-p of a few nanometers, which is in good agreement with the hydrodynamic
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Figure 4.6 1 (a) and (b): cross-sectional SEM images of a freeze-dried NP gel sample. (c) and (d): TEM
images of ultramicro-cut of a NP gel embedded in resin (NP vol% = 1.9%). These electron microscopy
images show nano-scale hierarchical gel network structure and nanoparticles assembled in gel matrix.
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diameter of 4cPEG (dpoq) ~6 nm. This observation supports our proposed network structure, in
which NPs are inter-connected by 4cPEG chains. There are not enough NPs to homogeneously fill
throughout the space since dp.p is restricted by the size of 4cPEG, therefore void spaces are
observed in the long-range nano-scale structure. This model is further confirmed by SAXS
measurement, which shows a peak at q = 0.045 A-1 indicating a characteristic periodic distance d
= 14.0 nm. This result is very close to dNP (9.4 nm) + dp0 l (6.2 nm) = 15.8 nm in our NP gel network
model.
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Figure 4.7 1 SAXS curve for NP gel at 25 *C with a peak at 0.045 A-', corresponding to a periodic distance
of 14.0 nm. This distance is consistent with the NP average diameter of 9 nm and 4nPEG's hydrodynamic
diameter of 6 nm.
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4.4 Crosslinking Mechanis
In our NP gel network design, the NPs serve as crosslinking junctions of polymer chains in the
network. To confirm the elastically active role of NPs in the gel network structure, we performed
oscillatory rheology of Fe304 NP-4cPEG samples with various NP concentrations. The elastic
modulus G' and loss modulus G" measured at 1% strain, 1 rad s4 angular frequency and room
temperature are plotted as a function of NP volume fraction in Figure 4.8. At low NP
concentrations, the samples behave as fluids (G" > G'); around a concentration of 1.0 vol% NP
(52mg/mL), a critical gel-like material starts to form (G' ~ G"). As the NP concentration keeps
increasing beyond 1.0 vol%, solid gels are obtained (G'> G"). The G' of the elastic polymer-
particle network that form beyond this gel point increase by more than 3 orders of magnitude as
the NP concentration increases from 1.0 to 1.5 vol%. Our data suggests this gel point is percolation
controlled (see insets in Figure 4.8). That is, in the fluid regime below 1 vol% NP, dpp > d,,l and
4cPEG chains cannot bridge adjacent particles, so the mixture just behaves like a fluid colloidal
solution. However, with increasing NP concentration the inter-particle distance reaches the
percolation threshold at -1 vol% NP where dp. ~ d,,l and 4cPEG is able to connect NPs into a
network. In the regime above 1 vol% NP, dp.p < dpol (see Figure ld) and solid gel networks are
formed with a network stiffness (G') controlled by the NP concentration demonstrating the
elastically active particle-polymer interfacial coupling.
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Figure 4.8 1 G' and G " of the Fe304 NP-4cPEG solutions as a function of NP volume fraction (strain = 1%,
angular frequency = 1 rad s-, temperature = 20 0C). Insets: photos of Fe 304 NP-4cPEG solutions and
schematics of proposed material assembly at different NP concentrations.
Although the above results show the critical role of NPs as gel network crosslinks, the chemical
nature of crosslinking bonds on NPs is yet to be confirmed. Previous studies have reported that
high pH-induced catechol oxidation into a quinone can lead to inter-catechol coupling and thereby
covalent crosslinking (99, 100). However, with a gel pH ~ 4.1 oxidation-induced inter-catechol
covalent crosslinking is unlikely to occur in NP gels (29, 101), which is additionally confirmed by
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Figure 4.9 1 (a) UV-Vis absorption spectra of 4cPEG aqueous solution after equilibration with Fe30 4 NPs
at 50 *C for 24 hours, and the spectra of pristine 4cPEG as well as 4cPEG after oxidation by NaIO 4. The
comparison clearly shows that after heating with Fe30 4 NP overnight, no significant oxidation of the 4cPEG
is observed, and the catechol structure is preserved. (b) Photo image showing re-dispersion of Fe30 4 NP
gel in excessive H20 at 50'C within 1 day. (c) Photo image showing NP gel is disassembled after oxidation
by 40 mM NaIO 4 solution.
UV-Vis spectral analysis shown in Figure 4.9 (a). Under the gelation condition with Fe304 NPs,
no significant catechol oxidation on 4cPEG is observed. Indeed, similar to previous reports on Fe 3-
gels (25), NP gels can be completely re-dispersed in excess water upon mild heating or sonication,
in support of fully reversible polymer-particle interfacial crosslinks. If we intentionally fully
oxidize the catechol groups in NP gel by excessive NaIO4 solution, the gel will be disassembled
and dissolved, which indicates that unoxidized catechol groups are critical for gel network
formation. All of the above data supports that dynamic polymer-particle interfacial catechol-Fe
coordination bonds serve as the dominant crosslinks of the 4cPEG-Fe3O4 NP gel networks.
64
CHAPTER 4. ASSEMBLY OF NANOPARTICLE-
CROSSLINKED HYDROGELS (NP GELS)
We further confirmed this claim by Raman spectroscopy studies. To investigate the coupling
between bulk gel mechanics and coordinate crosslink dynamics at the NP-polymer interface, two
additional hydrogels with the same 4cPEG backbone but different types of network crosslinks
were prepared for comparison following previously reported methods (25): tris-catechol-Fe 3+
coordination crosslinking at pH ~ 12 (Fe3+ gel) and inter-catechol covalent crosslinking (CV gel),
as shown in Figure 4.10 (a). In the Raman spectra of these samples, we observe the presence of
phenyl ring vibration peaks from 1250 cm-1 to ~1500 cm' in NP gel, Fe31 gel, CV gel and 4cPEG,
as Figure 4.10 (b) shows. However, vibrations indicative of catechol-Fe coordinate interactions
(from -550 cm' to ~650 cm-1) (78) are only present in the Fe 3+ gel and NP gel spectra. The distinct
signature peaks associated with strong bidentate Fe-catechol coordination is furthermore only
observed in the high pH Fe3+ gel whereas the NP gel displays a broad Fe-catechol vibrational
spectrum indicative of weak coordination observed upon low pH induced catechol protonation.
From these results, we can conclude that the crosslinking bonds in NP gels are similar in nature to
the ones in Fe 3+ gels, i.e., reversible catechol-Fe(III) coordination bonds. Such crosslinking
mechanism lays the molecular basis for NP gel's unique dynamic mechanical properties, which
will be further discussed in the next chapter.
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Figure 4.10 1(a) Schematic of 4cPEG gel network formed by metal-ion coordination (Fe'+ gel) and covalent
(CV gel) crosslinking, and photo images of the respective gel samples. (b) Resonance Raman spectra of NP
gel, Fe3+ gel, CV gel, and comparison with 4cPEG alone. Phenyl ring vibration peaks are found in all the
samples, while catechol-Fe(III) chelating vibration is only observed in NP gel and Fe , showing the same
type of crosslinking bonds in these two gel networks.
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Chapter 5: Controlling Viscoelasticity and Relaxation
Dynamics in NP Gels
Adapted with permission from: Q. Li, D. G. Barret, P. B. Messersmith, N. Holten-
Andersen. "Controlling Hydrogel Mechanics via Bio-Inspired Polymer-Nanoparticle
Bond Dynamics". ACS Nano, 2016, 10 (1), 1317-1324. Copyright 0 2015 American
Chemical Society.
V.11Vscoelasticity Jin NP Gels
In Chapter 4, we have developed a NP hydrogel network by assembling catechol-terminated PEG
chains on to Fe304 NPs as network crosslinks. Because of the reversible nature of catechol-Fe(III)
coordination bonds, this assembly creates a dynamic polymer-NP interface and a unique crosslink
geometry with a potential for high functionalityf As a result, the assembled polymer-nanoparticle
composite system should demonstrate a strikingly different relaxation mechanics in contrast to
conventional covalent-crosslinked gels or metallogels.
To characterize the chemo-mechanical coupling between the polymer-NP interface crosslink
dynamics and composite gel mechanics, we studied the rheological behaviors of NP gels in
comparison with Fe 3 gel and CV gel (test samples shown in Figure 5.1 (a)). Frequency sweeps
(see Figure 5.1 (b)) show that the elastic plateau moduli of the three different gels are of similar
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Figure 5.11 (a) Schematic of 4cPEG gel network formed by NP assembly (NP gel), metal-ion coordination
(Fe3+ gel) and covalent (CV gel) crosslinking, and photo images of the respective gel samples. (b)
Frequency sweeps (strain = 1%) and (c) tan 6 = G " / G' curves of NP gel, Fe3+ gel and CV gel at 20 *C.
order of magnitude (104 Pa). However, as previously reported (25), the Fe3+ gel displays a clear
cross over between G" and G' in accordance with its transient metal-ion coordinate crosslinks,
showing a highly dynamic viscoelastic fluid-like behavior. The CV gel displays a dominant elastic
solid behavior with near parallel G " and G' curves and G'>> G" over the entire frequency range,
which is in good agreement with its permanent covalent network crosslinks.
In sharp contrast, the NP gel displays a viscoelastic solid-like behavior: its G" is about an order of
magnitude higher than the CV gel, and is slightly increasing with decreased shear frequency.
However, G " and G' curves are still nearly parallel, and no cross-over point is observed between
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the two. This difference is clearer in the plot of damping ratio tan 6 = G " / G', as shown in Figure
5.1 (b). The tan 6 curve of Fe3+ gel crosses tan ( =1 with a characteristic relaxation time r = 8.5 s.
With a purely elastic network, the tan 6 of CV gel always stays low (~10-3). And NP gel just lies
between the two. The energy-dissipative yet solid-like behavior of NP gel networks is consistent
with the individually transient yet combined stable crosslink behavior of the polymer-particle
interface. We stress this important difference in properties between the NP gels reported here and
Fe3+ and CV gels reported previously (25): NP gels are solid-like (similar to CV gels), yet
mechanically reversible at room temperature (similar to thefluid-like Fe3+ gels). These significant
differences in bulk material mechanics are a direct result of the distinct stress-relaxation dynamics
dictated by the different catechol crosslink structures in the three gels, which will be further
discussed below.
55.2 1nternal Se1"-.Recovery inNP Ge Network
Another important indicator for a hydrogel material's network dynamics and energy dissipation is
its internal self-recovery capability. In a strain sweep experiment, as the shear strain increases into
the non-linear regime (> 20%), the storage modulus G' will drop drastically as shown in Figure
5.2 (a), which is often interpreted as a result of the internal network damage (17, 18). When the
strain is set back to 1%, G' in NP gel can quickly fully recover in a few minutes, while the damage
in CV gel is irreversible. This mechanical self-recovery in NP gel network can be repeated in
multiple cycles, without significant decay in recovery efficiency (see Figure 5.2 (b)).
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Figure 5.2 1 (a) Recovery of G' after failure induced by shear strain in NP and CV gels. Gels are sheared
under increasing oscillatory strain (0.1% to 1000%) followed by recovery under 1% strain. (b) Failure
experiment switching between 1% and 1000% oscillatory shear strain in NP gels showing repeatable cycles
of full G' recovery (frequency = 1 rad s-).
In previous studies using shear rheology to assess the self-healing performance of hydrogel
materials, the intrinsic self-recovery of G' after large strain is often interpreted as the reversible
reformation of gel network (17, 18). In this case, such reversibility is likely to originate from the
reversible binding of catechol groups on 4cPEG onto Fe304 NPs. However, if we cut a NP gel into
two pieces and put them back into contact, no macroscopic healing is observed in the experiment
time range. This may be a consequence of the slow diffusion and flow of NP gel network across
the fracture interfaces. More details on this issue will be further discussed in Chapter 7.
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5.3 Stress Relaxation Kinetics in NP Gel
To further investigate the coupling between gel mechanics and catechol crosslink bond dynamics,
we performed step-strain relaxation experiments, where a step strain (y = 10%) is applied to the
gels and the relaxation modulus G(t) = o(t)/ y is monitored with time (a: stress, t: time). The results
offer quantitative insights on how the dynamics of the three types of catechol crosslinks dictate
dramatically different network mechanics. CV gel networks are crosslinked by permanent covalent
inter-catechol bonds that cannot rearrange to dissipate strain energy and hence the CV gel does not
relax (see Figure 5.4 (a)). The NP and Fe 3 gels both relax the induced stress since their reversible
coordination crosslinks can dissociate and re-connect into a new network, whereby stress is relaxed
a 1.0 -
0.8-
0.6-
0.4-
0.2
1 10 100 1000 10000
Time (s)
b
NP NP
Deformation Relaxation
Strain energy dissipated
Figure 5.3 1 (a) Step-strain (10%) relaxation curves of NP gel, Fe" gel and CV gel at 20 'C, showing their
distinct relaxation kinetics. G(t) is normalized by the recorded initial relaxation modulus Gi. (b) Schematic
of strain energy dissipation in NP gel by reversible association-dissociation of catechol groups at NP
surfaces.
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(see Figure 5.4 (b)). Yet, despite the fundamental similarities in the underlying coordinate
crosslink bond dynamics, the bulk stress relaxation mechanics operate over significantly different
time periods in NP and Fe3+ gels: the relaxation of NP gel (in the order of 104 s) is much slower
than Fe3+ gel (in the order of 100 s).
To better understand how fundamentally similar bond dynamics can result in such different bulk
mechanics we investigated the characteristic relaxation time and activation energy of the network
crosslinking dissociation process in NP and Fe3+ gels. Many visco-elastic polymer materials obey
Kohlrausch's stretched-exponential relaxation model, as introduced in Chapter 1:
G(t) = Go exp 0), < a <1 (1.9)
where Go is the plateau modulus, r is the characteristic relaxation time and a is a fitting parameter
dictated by the physical constraints of the individual material system (33, 37). If the crosslink
dissociation mechanism is a thermally activated process its associated activation energy barrier Ea
can be estimated since the relaxation time r will follow Arrhenius's behavior (37):
r(T) = ro exp or In[r(T)] = ln ro + (5.2)
WkT kT
Step-strain relaxation curves from NP and Fe3+ gels at different temperatures are well fitted by the
above stretched-exponential model (see Figure 5.5) wherefrom the activation energies of the
catechol-Fe304 NP and tris-catechol-Fe 3+ crosslink dissociation mechanism can be estimated to be
Ea,NP ~ 58 kJ mol' and Ea,ion ~ 86 kJ mol-, respectively. The significantly lower pH in NP gels
(pH ~ 4 vs. pH ~ 12 in Fe3* gels) is likely the main reason for this difference in activation energy
barrier since, as supported by our Raman data described above, the protonation on catechol oxygen
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atoms weakens the Fe-catechol coordination interaction which substantially lowers the activation
barrier to dissociation.
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Figure 5.4 1 Step strain relaxation plots of NP gel (a) and Fe3+ gel (b) at different temperatures with
stretched-exponential model fits (solid black lines), and Arrhenius plot of stress relaxation time (In r) versus
inverse temperature (1/7) of NP gel (c) and Fe3+ gel (d). Thermal activation energy is calculated from the
slope.
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,5.4 Con troll in g Reaankinetics by Crosslinking Geometry
With the energy barrier for crosslink dissociation in NP gels lower than in Fe3+ gels (i.e. Ea,NP <
Ea,ion), the change in individual bond dissociation kinetics alone cannot explain the orders of
magnitude slower relaxation in NP gels. Since the overall relaxation time is dependent to both
kinetics of individual bonds and the network structure, we propose instead that the different gel
relaxation mechanics are a result of different hierarchically controlled crosslink structure dynamics.
In Fe 3+ gels, the stress relaxation mechanism of each crosslink structure (an octahedral tris-
catechol-Fe 3+ coordinate complex) involves only 3 elastically active chains, i.e., crosslink
functionalityf= 3. In contrast, based on calculations from the NP's average surface area (-280
nm 2) and the reported PEG chain density (~2 chains/nm 2) in a similar system (88), we estimatef
is in the order of 101~102 at each crosslinking structure in NP gels, whereby stress relaxation
requires simultaneous dissociation of multiple chains in a slower and more complicated process.
To test this hypothesis, we designed two separate experiments to effectively reducef on each NP:
(1) adding free catechol-terminated ligands to compete with 4cPEG; (2) decreasing the NP size
(see Figure 5.6 (a)). Specifically, in experiment 1 different amounts of free mPEG-dopa ligand
were added during NP gel preparation, and in experiment 2 NP gels with smaller Fe304 NPs (d =
6.6 1.2 nm) were prepared at a lower temperature (160 'C, see details in Section 4.1.1). As
predicted, the NP gels relax faster with both increasing amount of mPEG-dopa and smaller NPs
(Figure 5.6 (b) and (c)), and the comparison of relaxation times calculated from stretched-
exponential fitting demonstrates a decrease in relaxation time by orders of magnitude (see Figure
5.6 (d)). These results strongly support that the stress-relaxation mechanism of NP gels is indeed
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controlled by the number of actively stress-bearing polymer chains bound to each NP. With this
knowledge in hand, we will be able to better control bulk mechanics of NP gels by direct
engineering of crosslink geometryf and polymer-particle interfacial dynamics at nano-scale.
5 5 ConclIUs'o
In summary, by mimicking the interfacial adhesion chemistry of mussel threads, we have
developed a facile approach to assemble Fe304 nanoparticles into hydrogel by crosslinking
polymer chains at NP surfaces through catechol-Fe interfacial coordination bonds. The resulting
hydrogel mechanics are directly coupled to the reversible crosslink dynamics at the polymer-
nanoparticle interface and the crosslinking structure in the gel network. This study demonstrates
the relation between macroscopic mechanical behaviors of nanocomposite materials and the
polymer-particle interfaces at nano-scale, which sheds light on how the dynamic mechanics in
polymer-nanoparticle systems can be controlled. Meanwhile, this work establishes a versatile
method to incorporate functional (e.g., magnetic) nanoparticles as crosslinking sites in the gel
network, which lays the foundation for future design of stimuli-responsive smart hydrogels with
remote-controlled dynamic mechanical properties.
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Figure 5.5 | Control over the relaxation kinetics in NP gel by manipulating crosslink functionalityf (a)
Schematic of two strategies for reducing the number of elastically active polymer chains crosslinked at each
NP (f) in order to accelerate gel network relaxation; decreasing NP size or introducing ligand competition
at the polymer-particle interface. Step strain relaxation plots and fitted relaxation curves (solid lines) by
76
Faster gel
network
relaxation?
(b) 1.0-
0.8-
0.6-
0.4-
0.2-
Campethig 11gand:
4cPEG.mPEG-dopa (ww)
S1:0.3
S 1:0.6 -
(d)
1000 10000
10000
E
C
CU
100 L-
U u , U
d= 9.4 nm
d =6.6 nm
CHAPTER.5 CONTROLLING VISCOELASTICITY AND
RELAXATION DYNAMICS IN NP GELS
stretched-exponential model of NP gels with (b) increasing competing ligand mPEG-dopa concentration
(inlet: molecular formula of mPEG-dopa) and (c) decreasing NP diameter d are shown. (d) Comparison of
relaxation times of original NP gel (NP diameter = 9.4 nm, black column), NP gel with smaller NPs
(diameter = 6.6 nm, red column) and NP gels with different concentrations of mPEG-dopa ligands (blue
columns).
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6.1 Mechanica~lRelaxation Spectra
Functional versatility displayed by soft materials in nature is increasingly found to originate from
the dynamic properties of molecular scaffolds assembled via reversible interactions(78, 102-104).
To mimic this design strategy in synthetic materials, extensive efforts have been made to design
and prepare dynamic gels crosslinked via transient supramolecular structures. To continue the
advancement of dynamic gels crosslinked via transient supramolecular structures, a quantitative
understanding of the underlying gel network dynamics is of critical importance, yet direct
measurements of molecular crosslink kinetics on the relevant microscopic scale remains a great
challenge (105). Indirect methods, based on models that correlate microscopic network dynamics
with macroscopic stress relaxation mechanics, can instead offer an experimentally convenient
alternative, since mechanical relaxation of bulk viscoelastic materials is easily characterized by
measuring stress decay under constant strain (29, 70, 106). The Kohlrausch stretched exponential
function, described in Equation 1.9 in Chapter 1, is one of the empirical models that is most
commonly used for this purpose (35). By fitting the mechanical relaxation data G(t) as a function
of t with Equation 1.9, the values of two fitting parameters to and a can be extracted, as shown in
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Figure 6.1 (a). ro has a clear physical meaning as the material's characteristic relaxation time,
whereas the physical implication of a is less clear.
a G(t)
t ) = Ge*a: Kohlrausch's exponent
G(t) = Goe~(Aor
TO: Characteristic relaxation time
Kohlrausch' s stretched
exponential relaxation
G() = Go exp [-(t /ro)a H(ar')exp(-t /r')
rI
ItI
Macroscopic relaxation time
(measured by ro)
Broadness of distribu
(characterized by cr)
Oa 1
a + 1: narro
a + 0: broad
tion
V
ITj'T2'T3 " . .Tk-i f +I.
Figure 6.1 1 Relaxation spectra described by stretched exponential equation. (a) The gel relaxation
mechanics is analyzed via Kohlrausch's stretched exponential decay function, from which two physical
parameters can be extracted: Kohlrausch's exponent a, and average relaxation time ro. (b) By Laplace
transform, stretched exponential equation can be expressed as an integration of Maxwell-type exponential
relaxation modes with individual relaxation time T'. The broadness of r' distribution is characterized by the
exponent a. alternative
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Mathematically, Kohlrausch's stretched exponential function can be written in an alternative form
by conducting a Laplace transform:
G(t) = Goe-t/o" = f'H (c, ')e-t/1' (6.1)
where G(t) can be considered a distribution of Maxwell-like exponential relaxation processes each
with a respective relaxation time r', as shown in Figure 6.1 (b). This approach has therefore been
referred to as the "heterogeneous model" (107). In this equation, the distribution function H(a, r')
is equivalent to the relaxation spectrum. In this model, ro represents the average timescale of
macroscopic stress relaxation in the bulk material, and the exponent a reflects the width of the
distribution of microscopic stress relaxing modes surrounding this average (37, 107-109). Values
of a approaching zero correspond to broad distributions, whereas when a approaches value of
one the distribution becomes progressively narrower, with a = 1 representing a single mode (delta-
Dirac) distribution (110).
The stretched exponential function is particularly useful when applied in the characterization of
the temporal hierarchy of dynamic bond dissociation timescales in transiently crosslinked polymer
networks (107). In this framework zo is a measure of the average transient crosslink lifetime, while
the width of the distribution of lifetimes of all stress-bearing transient crosslinks in the network is
represented by a. In transient networks with supramolecular crosslink structures, ro can
furthermore be expressed as to = ro(rb,f), wheref is the number of transiently crosslinked network
chains assembled into a single supramolecular network junction and Tb is the lifetime of individual
transiently crosslinked chains (65-67). This notation thereby differentiates the temporal (rb) and
structural (/) contribution of supramolecular crosslink structure to To. This is particularly
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appropriate for metal-coordination crosslink structures, since both Tb andf can be independently
controlled. In a metal-coordination crosslink, Tb is directly determined by the chemistry of the
metal-ligand pair and the local bonding environment. Previous studies have demonstrated how to
control network mechanics via metal-coordinate crosslink dynamics by changing rb through choice
of metal-ion or ligand (29, 68, 69), temperature (70), pH (25, 29) or solvent (1]). In last chapter,
we have also demonstrated that engineering local crosslink dynamics through control over f is a
powerful way to manipulate bulk network mechanics (70). Overall however, our previous studies
of metal-coordinate crosslinked transient networks have primarily focused on controlling the
average timescale of stress relaxation (25, 61, 68-70, 111). Here we instead explore if the
surrounding distribution of timescales can be shaped by supramolecular spatiotemporal hierarchy.
6.2 Model Slystemis: 3 Mea-C ndnate Cross.1"lk\ Structures
To test the above idea, we conducted a series of stress relaxation studies via step-strain tests on
transient gel networks crosslinked via three different supramolecular metal-coordination structures:
single metal-ion coordination complexes, metal oxide nanoparticle coordination junctions or multi
metal-ion coordination cages (see Figure. 6.2 (a) for supra-molecular crosslink structures). The
single metal-ion (Fe3+ gel) and the nanoparticle (NP) gel networks are assembled via Fe-
nitrocatechol bonds using Fe 3+ and Fe304 NPs respectively, with a range in the crosslink
functionality f (number of stress-bearing elastically active chains) determined by the structure of
each supra-molecular crosslink; f is in the range between 2 to 3 in the Fe3+ gel (25, 29) and f is
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estimated to be between 10 to 102 in the NP gel (70). The multi metal-ion coordination cage
(polymer Metal-Organic Cage, polyMOC) gel is assembled via nanometer-scale spherical
crosslink junctions, with a previously reported functionality of f between 100 to 10 1, where M is
Pd2+ and L is bis-pyridine (61).
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Figure 6.2 1 Gel networks with different supramolecular crosslink designs. (a) Illustration of the network
crosslinking structures of the three dynamic model gel systems in this study: Fe 3 gel (network functionality
f = 3), NP gel (network functionality f ~ 102) and polyMOC gel (network functionality f = 24 in ideal
MOC crosslink). Some polymer chains in the NP and polyMOC gel networks are not shown for the sake of
clarity. Insets: photo images of the corresponding gels. (b) Molecular structures of the polymer building
blocks (4nPEG and PL-PEG-PL) used in this study.
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Using polyethylene glycol (PEG) polymers terminally functionalized with metal-coordinating
ligands (4nPEG and PL-PEG-PL, as shown in Figure 6.2 (b)), the transient gel networks are all
assembled in dimethyl sulfoxide (DMSO) solvent via metal-ligand (M-L) coordination bonding.
Given the similarity in macroscopic network assembly, our goal was to use the differences in
supramolecular crosslink structure to obtain new insights on spatiotemporal correlations in
structural hierarchies of transient supramolecular networks under stress.
6.3 Relaxation Factalr.s:. -oallfd in
We studied gel relaxation behavior on a rheometer by first applying a step shear strain (y = 2%),
within the linear limit of the material response, and then monitoring the decay of stress i(t) and
therefrom relaxation modulus G(t) = o(t)/ y. We conducted a series of relaxation experiments on
these 3 gel systems at different temperatures ranging from 25 'C to 65 'C. The relaxation processes
in all 3 dynamic supramolecular gels show thermally-activated kinetics, as shown in Figure 6.3.
Such thermal-activation is observed in the shift of the G' and G " curves in Fe 3 gel's frequency
sweep as well. With time-temperature superposition, G' or G" at different temperatures collapse
well on a master curve. By fitting the collected G(t)-t data with Kohlrausch's stretched exponential
equation (Equation 1.9), we can extract the values of average relaxation time to and a of 3 gels at
various temperatures, as shown in Figure 6.4.
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Figure 6.3 1 Temperature-dependent dynamic mechanics. (a), (b) and (c): Step strain relaxation plots of
Fe3+ gel, NP gel and polyMOC gel in DMSO at 25 - 65 *C, with fitting curves by Kohlrausch's stretched
exponential function (solid black curves). (d) Frequency sweeps (strain = 1%) plot of Fe3+-4nPEG gel in
DMSO at 25-65 *C. (e) and (f): G' and G" master curves of Fe3 + gel following time-temperature
superposition, with To = 25 *C.
6.3.1 Relaxation Time To
Among the supramolecular assemblies explored as crosslinks in this study, Fe-(nitrocatechol)3 tris-
complexes have the simplest structure withf= 3 and Fe3+ gels behave as viscoelastic fluids with
an average relaxation time of- sec at 25 C, in agreement with previous studies of Fe-(catechol)3
crosslinked networks (25, 70). In comparison, supramolecular crosslinks in NP gels assemble into
a higher order hierarchical structure withf~ 102 chains connected at each NP junction (70).
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Figure 6.4 | Temperature dependence of To and a. (a) Plots of characteristic relaxation time To of three model
gel systems with increasing temperature 25-65 'C. (b) Linear fitting of ln ro-l/T data for three gels, together
with their activation energies Ea calculated from the slopes. (c) Plots of Kohlrausch's exponent a of three
gel systems with increasing temperature at 25~65 'C. Linear fitting result of a-T relationship is given for
the PolyMOC gel.
NP gels accordingly behave significantly more solid-like compared to Fe3+ gels, demonstrated by
their average stress relaxation timescale - 105 sec at 25 'C and the near-parallel G' and G " curves
in oscillatory rheology frequency sweeps. As reported previously, with f = 24 for an ideal
polyMOC cage, the average relaxation timescale of polyMOC gels is similar to NP gels (71, 112).
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The long relaxation time of polyMOC gel is also partially due to the cooperativity effects of the
M12L2 4 spherical assembly (71).
As temperature increases, the relaxation time To of all 3 gel systems all drastically decrease as a
result of thermal activation (see Figure 6.4 (a)). If we plot ln To vs 1/T, from the slope of the linear
fitting we can extract the activation energy Ea for all three gels, as shown in Figure 6.4 (b). Here
Ea is directly related to the energy barrier for individual bond dissociation, which is similar among
all three metal-coordination gel systems. Therefore, as we discussed before in Section 5.4, the
several orders of magnitude difference in To should be resulted from the crosslink structural
functionalityf
f is independent of the chemical nature of each bond, but instead describes the hierarchical nature
of the supramolecular crosslink structure assembled at a network junction. The local relaxation
process of each crosslinking junction involves the dissociation of f elastic chains, each with a
dissociation timescale rb. Therefore, as f increases, statistically it takes much longer time to
dissociate all the chains from the crosslinking junction, thus the overall network relaxation
becomes much slower (65, 70). Hence, the five orders of magnitude difference in ro between Fe3+
gel and NP gel or polyMOC gel again demonstrates that, in addition to individual bond crosslink
lifetimes, the functionality f at each supramolecular crosslink is a powerful design factor for
determining the overall network relaxation time and more broadly that hierarchical assembly of
supramolecular crosslinks can effectively be used to control the mechanics of transient gel
networks.
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6.3.3 Kohlrausch Exponent a
In addition to the increase in ro, hierarchical assembly of transient network junctions also
introduces an increased potential for local variation in the network structure, which should impact
the width of the distribution of stress relaxation and is the goal of this work. The hierarchical
assembly of supramolecular crosslinks can lead to variation off from junction to junction due to
multiple mechanisms as shown in Figure 6.5 (a): polymer chains may randomly form loops which
have no significant contribution to network stress and thereby reduce the effective number of f;
the supramolecular structures are not mono-disperse, and this size variation will also lead to
variation inf The latter is especially true for NP and polyMOC gels due to NP size distribution
(see Figure 4.2) and size variation in MOC structure assembly as previously reported (61). Since
the dissociation timescale of each crosslinking junction is related to f at that junction, the
distribution off across the network (as shown in Figure 6.5 (b)) should result in a distribution of
local relaxation time scales r', 2', T3', ... around their ensemble average ro, as described by
Equation 6.1. An analogous mechanical model for this system is a hierarchical ladder-like
arrangement of Maxwell mechanical models which are constructed from a series of connected
spring-dashpot pairs that are parallel to each other, which represents a spectrum of relaxation
processes, as proposed by H. Schiessel et al. (113, 114). Since the temporal distribution of r' can
be mapped to the spatial distribution off; here Kohlrausch's exponent a can be used to as an
indicator of local structural variation in gel network: a homogeneous network (narrow distribution
off) will lead to a high a (close to 1), whereas an inhomogeneous network (broad distribution of
J) will lead to a low a (close to 0).
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We can take Fe3+ gel and NP gel as an example for comparison. In an ideal Fe31 gel network,f is
homogeneous across the network (f = 3 as tris-complex is dominant). In contrast, in a NP gel
network, there is a variation off on each NP crosslink due to random dissociation of polymer
chains, surface loop formation and NP size variation, as shown in Figure 6.5 (c). Following the
above argument, such difference in crosslink hierarchical assembly should result in distinct
distribution of r'. With a Fourier integral, we can numerically calculate the relaxation spectrum
H(r) of theses 2 gels (see Addendum in this chapter for calculation details), and the dimensionless
ratio of H(r)/Go is plotted as a function of the dimensionless relaxation timescale r / ro for the
corresponding Fe3+ gels (a = 0.8) and the NP gels (a = 0.3) (as shown in Figure 6.5 (d)). We can
clearly see the difference in the relaxation spectra and equivalently the distribution of energy
barrier heights of Fe 3+ gel and NP gels. As mentioned before, a is the power law exponent of the
relaxation spectrum curve as r / ro -> 0 and is a direct indicator of the broadness of the spectrum
(the energy barrier height or relaxation timescale distribution becomes narrower as a increases
from zero to one). Among the many dynamic processes in swollen gel network, the upper limit of
relaxation timescales is determined by dissociation of crosslinking junctions. For the Fe3+ gel, a =
0.8, there is a relatively narrow distribution of relaxation modes, and the contribution of higher
modes (r > ro) is negligible, thus showing a uniform dissociation timescale in Fe 3+ crosslinks.
Furthermore, we can see that the shape of the relaxation spectrum is skewed towards lower
relaxation times and lower energy barriers (r < ro) and the material do not show a "solid-like"
behavior with significant contributions from slower relaxation processes or in other words higher
energy barrier processes (r> ro). In contrast, for the NP gel (a = 0.3), the distribution of relaxation
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Figure 6.5 | Physical interpretation of a. (a) Schematics of possible structural inhomogeneity in
supramolecular polymer network, caused by junction size variation and random loop formation. (b) The
network structural inhomogeneity leads to a distribution of f across network junctions. (c) Schematics
showing homogeneous crosslink structure in Fe3+ gel (f= 3) and mechanisms for the variation off in NP
gel. (d) Relaxation spectra of Fe3 + gel (a = 0.8, red) and NP gel (a = 0.3, black), showing narrow and broad
distribution of r' around To respectively. (e) Normalized relaxation curves of Fe 3+ gel and NP gel at 55 *C
(circles: experimental data; lines: fitting curves with a = 0.8 and 0.3). G(t) and t are normalized by Go and
To respectively.
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modes is much broader due to the variation off at NP crosslinks, which is consistent with our
interpretation of a-structure relationship. Thus, for the NP gel a broader spectrum indicates a
considerable contribution from slower or higher energy processes (T> To) which can be interpreted
as a more "solid-like" behavior. Accordingly, the dimensionless stress relaxation curves of the two
gels show significant difference in shapes (see Fig. 3D): as a result of the broadened distribution
of r', the relaxation process of NP gel is much more "stretched" across a large range of time scales
compared to Fe3+ gels. This difference in mechanical response of these two gels is a direct
reflection of chemically tuning the broadness/narrowness of the relaxation spectrum, which is
controlled by the distribution of energy barrier heights in the relaxation processes of the ligands.
This a-structure relationship is also embodied in the thermo-rheological behavior of each gel.
Unlike the rapid decrease of To by thermal activation, a stays almost constant at 0.8-0.85 in Fe3+
gel at elevated temperatures, indicating that a is a factor independent of network dynamics. The
unchanged a is also reflected by the almost perfectly collapsed rheology frequency sweep data on
a master curve at different temperatures, as demonstrated in Figure 6.3 (e) and (f). In Fe 3* gel, this
result is expected since the structure of Fe(nitrocatechol)3 crosslinking junction remains unchanged
with increasing temperature, and f stays at 3 across the network. Similarly, NP gel's a is also
insensitive to temperature in the range of -25-45 *C, since the crosslinking structure is mostly
determined by the geometry of Fe304 nanoparticles which are stable in this temperature range. At
above 50 *C, however, dissociation of PEG-nitrocatechol chains from NP surfaces becomes
thermodynamically favorable (88). The decrease of average f value at elevated temperatures
narrows down the possible range of f distribution, and as a result a slightly increases at high
temperatures.
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In comparison with Fe3+ gel and NP gel, polyMOC gel demonstrates an interesting linear increase
of a with temperature over a broad range (25-65 *C). Similar linear dependence of a on T has been
reported in a series of systems including polymer melts (107) and self-assembling polymer solution
(115), which are interpreted as the network overcoming local constraints and progressively
reaching homogeneity after being thermally activated. In polyMOC gel, possible mechanisms for
this homogenization process may include thermally activated ligand exchange in MOCs that
greatly reduces topological defects and drives ill-formed MOCs to target Pd12L24 clusters (61), and
dissociation of MOC aggregation assemblies at higher temperatures (116, 117). In comparison,
there is a built-in inhomogeneity in NP gels caused by the size variation of nanoparticles, which
cannot be eliminated by thermal activation. The different ways of crosslinking hierarchical
assembly explain the distinct thermal-sensitivity of a in NP gel and polyMOC gel.
6.4 Manipulation of RelaxatiOn Pattern
Knowing the relationship of r and a to gel network structure, we should be able to manipulate
these dynamic factors of a material by elaborately designed strategies. Here we demonstrate an
example in which we achieve a low a without increasing r by manually introducing disruptions
into a gel network. We prepared a series of Fe3+ gels with different ligands and different solvents,
and tried to decouple the effect of various factors on a values. In addition to 4-arm nitrocatechol-
PEG (4nPEG), we also use 4-arm catechol-PEG (4cPEG) with catechol moieties as terminal
ligands instead of nitrocatechol, and prepare gels both in DMSO and in H20 as solvent. The
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crosslinking structures in these gels are confirmed by UV-vis spectra (as shown in Figure 6.6 (a)).
For Fe3*-4nPEG gel in DMSO, Fe3'-4nPEG gel in H2 0 and Fe3*-4cPEG gel in H20, all these gels
are red in color with absorption peaks of 445-467 nm for Fe-nitrocatechol and 491 nm for Fe-
catechol, which all correspond to a tris-complex structure according to previous studies (25, 118).
Since the coordination ligands and solvent environment differ in the three gel systems, their
respective relaxation time r are very different as shown in Figure 6.6 (c). However, because of the
same functionalityf= 3 throughout the whole gel networks, their a values all fall at a similar high
value of 0.8~0.85 (see Figure 6.6 (b)). This again confirms that while to as a measure of average
relaxation kinetics can be determined by the dissociation kinetics of individual crosslinking bond,
a is only related to the distribution of hierarchical relaxation modes which is determined by the
network structure. In the case of Fe3+-4cPEG in DMSO, however, since catechol (pKai = 9.1, pKa2
=14) is a much weaker acid than nitrocatechol (pKai = 6.7, pKa2 =10.3), the triethylamine used in
DMSO gels is not basic enough to fully deprotonate 4cPEG (29). As a result, the prepared Fe3+_
4cPEG gel in DMSO shows a blue-purple color with absorption peak at 557 nm, which
corresponds to a mixture of tris- and bis- complexes (25). The co-existence of these crosslinks
structurally disrupts the network homogeneity and thus spreads out the distribution of relaxation
time. Accordingly, a value in this gel reduces to only 0.25, in sharp contrast to the Fe3+ gels with
only tris-crosslink.
Through these relaxation studies in the three model gel systems, we have demonstrated that the
relaxation time to and exponent a in Kohlrausch's relaxation equation are both closely related to
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Figure 6.6 | Decoupling the effect of various factors on a values in Fe3+ gel. (a) UV-Vis spectra of Fe3 +
gels with different coordination ligands and solvents. Schematics are shown for tris-complex crosslinking
structures corresponding to absorption peaks at -445-491 nm, and mixture oftris-/bis-complex crosslinking
structures corresponding to absorption peak at 557 rum (coordinating H20 molecules are omitted in the
formula of bis-complex for visual simplicity). (b) Kohlrausch's exponent a and (c) relaxation time r at 25 *C
in Fe3+ gels with different coordination ligands and solvents.
the hierarchical structure of the polymer network crosslinking junction. However, they are
determined by different aspects of the network structure respectively: r is dependent on the average
crosslinking functionalityf, whereas a is dependent on the variation off across the network. This
suggests that r and a can be tuned independently from each other. If we plot the results obtained
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(red), NP gel (black) and polyMOC gel (blue) at different temperatures as well as Fe3 + gel with both bis-
and tris- crosslinks are plotted in a a-ro plot. Arrows show different ways of tuning a values and To values
in this design space.
in this study in a 2D a-ro space (as shown by Figure 6.7), the data points are scattered throughout
the space without a simple correlation for all the data, which indicates independent underlying
causes that govern the behavior of xo and a. Here we show different ways of tuning ro and a.
Thermal activation shortens ro by accelerating the dissociation kinetics of crosslinking bonds.
Homogenization of network at elevated temperature increases a by narrowing down the variation
off Hierarchical assembly of simple crosslinking bonds (in Fe 3 gel) into spherical junctions (in
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NP gel) increases to by introducing network junctions with highf, and the hierarchical crosslinking
structure also induces local variation off which result in a decrease in a. This low a (0.2~0.4) is
common in other reported polymer nanocomposite materials with similar assembly structures (119,
120). Furthermore, a can be reduced by introducing structural inhomogeneity, without increasing
ro. With the capability of manipulating to and a, we are able to tune the pattern of gel relaxation
kinetics (G(t)/Go = exp[-(t/ ro)a]) at wish. And since a is directly determined by the network
structure and is independent from exact bond kinetics, it can be used as a structural indicator for
characterizing the hierarchical assembly of polymer network.
6.,5 C on c.Iu s I 0n
Through mechanical relaxation studies on Fe 3 gel, NP gel and polyMOC gel systems, we have
demonstrated that Kohlrausch exponent a has a strong dependence on the gel network hierarchical
structure: simple networks with homogeneously distributed functionality lead to a high a that is
close to 1, while local variation induced by structural hierarchy significantly reduces the value of
a. This finding provides insights into a new dimension of materials' hierarchical structure.
Extensive studies have been done to understand the spatial hierarchy of self-assembled materials,
acquiring abundant knowledge on how the components are organized at multiple length scales.
Few studies, however, have looked into the material's temporal hierarchy, i.e., how the dynamic
processes in the material are distributed across different time scales. As described by the
heterogeneous model of stretched exponential function, the broadness of temporal distribution of
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relaxation modes is encoded in a. In this sense, the a-structure relation can be interpreted as: the
variation in spatial structure will broaden the distribution in temporal structure. Instead of just a
fitting factor, a value now serves as a key parameter connecting the spatial and temporal hierarchy.
Due to the experimental ease of relaxation tests, a value may also serve as a simple mechanical
indicator of the structural hierarchy in a broad scope of viscoelastic soft materials.
Aside from the insights in polymer physics, this study also hints a roadmap for controlling the
material's temporal structure. A lot of previous studies were focused on tuning the relaxation time
To by altering dissociation kinetics (29, 70). Here we demonstrate in Figure 6.7 different ways of
tuning relaxation exponent a in a dynamic gel system by introducing network disruption, assembly
at hierarchical length scales, and thermally-induced dissociation of hierarchical structures. This a-
ro design space can serve as a guideline for controlling a gel's temporal structure of relaxation
processes by rational hierarchical material design.
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6. 6 A d de n dtim : C a Icu .1a t.I'o n fior H(r)
The corresponding relaxation spectrum, H(r), can be numerically calculated using the Fourier
integral that is provided by (110, 121):
H(r) 1 r exp [-(iu) +i(r Ir)u du
Go 200
(6.2)
It is known that this integral, which is similar to the family of asymmetric Levy stable distributions
(122), can only be simplified for a few values of a. For example, for a = 1/2, there is:
H(r) / Go = (r / 4;rro )1/2 exp (-r / 4ro)) (6.3)
And for an arbitrary value of , a the aforementioned expression cannot be simplified more than its
integral form. However, the asymptotic behavior of the relaxation spectrum at very small/large
values of r / r can be predicted by the following analytic expressions:
H(r) F(a +1) . r
lim,o0 =G s/T (ra) -
(6.4)
limr+ H(r) = a exp-b(r/r0)
Go TO
where I'(x) is the Euler gamma function,
and b=(1- a)a"/(-")
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a 1+a/2(1-a)
a = a- -
V2,ra(I - a)
(6.6)
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It is clear that the relaxation spectrum is skewed towards lower relaxation times or lower energy
barriers (with a power law tail with exponent a) and for moderate or high values of a, the spectrum
has a sharp cutoff around r / ro ~ 1.
98
Chapter 7: Rapid Self-Healing Hybrid Hydrogel with
Tunable Dynamic Mechanics
7 1- 1 ntr-od u.C t \tiN: T ig Kinetics
Many supramolecular hydrogels assembled by reversible network crosslinks exhibit intrinsic self-
healing behavior (25, 56, 123). Upon mechanical damage, these dynamic crosslinks will dissociate
to dissipate energy, diffuse across fracture interfaces and automatically re-connect a new network
(3). The kinetics of this network re-organization process, which is reflected by dynamic
mechanical properties such as viscoelasticity and stress relaxation, directly dictates the material's
healing rate (124). Although recent studies have greatly expanded the scope of various self-healing
hydrogels (125), it remains a challenge to balance the healing kinetics with mechanical robustness:
slow network dynamics will result in slow healing, while too fast dynamics may lead to fluid-like
behavior and weak mechanical strength (25), which all significantly limit their practical
applications. To optimize self-healing performance, it is necessary to develop a systematic method
for controlling the dynamic mechanics of self-healing gels.
For this purpose, a lot of efforts have been focused on controlling the dissociation kinetics of the
crosslinking bonds, by changing the bond chemistry (29, 38) or adjusting environment parameters
such as temperature (71) and pH (25, 29, 47). However, alteration of the bond often requires
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synthetic efforts for polymers with different bonding groups, and any change of environment
parameters will impact the whole system and may lead to undesirable effects. Aside from the
dissociation kinetics of individual bonds, the overall network dynamics is also related to network
structure, specifically the number of bonds assembled at each crosslink as quantified by crosslink
functionality f (65, 67, 126). In our previous studies, we assembled a dynamic gel network by
crosslinking multiple polymer chains on Fe304 nanoparticle surfaces via Fe-catechol coordination
bonds (70). The relaxation time of this high-f network turns out to be over 4 orders of magnitude
longer than the low-f network assembled by Fe-(catechol)3 complexes with the same bond, and its
dynamic mechanics significantly accelerates by reducing f These results provide a facile way to
manipulate dynamic mechanics by engineering the crosslink geometry without changing the bond
chemistry. In this approach, the same polymer can be used to form various crosslink structures via
supramolecular assembly. If different crosslink structures are assembled in the same gel network,
multiple relaxation timescales will be integrated in one material, similar to previously reported
case where two metal-ligand pairs coexist as gel crosslinks (127). Therefore, by simply adjusting
the ratio between different crosslink structures, we should be able to precisely tune the temporal
structure of multiple relaxation modes, and control the overall dynamic mechanics in a broad range.
Here we demonstrate a model hybrid gel system assembled by two supramolecular crosslink
structures with the same coordination chemistry. Because of the large difference in crosslink
functionality, the two crosslinks introduce both fast and slow relaxation modes with distinct
timescales, which enables a drastic change in the gel network dynamics and viscoelastic properties
across different crosslink compositions. This hybrid gel system allows for manipulating dynamic
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mechanics towards desired self-healing performance, and shows a new strategy for designing
strong and rapid self-healing soft materials.
7.2 CrossLink Engineering: Hybrid.Network Design
As illustrated in Figure 7.1 (a), we incorporate two types of crosslinks with distinct geometries
into one hybrid gel network using the coordination chemistry between Fe3+ and nitrocatechol (NC),
a derivative of catechol ligands. Nitrocatechol can form reversible coordination bonds with Fe3+
in both aqueous solution and on solid surfaces (29, 88). As we modify the chain ends of 4-arm
polyethylene glycol (PEG) with NC ligands, the resulting 4nPEG polymer (as shown in Figure
7.1 (b)) can be assembled with both free Fe3+ ions and Fe304 nanoparticles (NPs) into hydrogel
networks by forming different crosslink structures (as shown in Figure 7.1 (c))): (1) three 4nPEG
chains are connected by an Fe-NC 3 tris-coordination complex as an Fe3+ crosslink (25, 29); (2)
multiple 4nPEG chains are linked to the surface of an Fe304 NP by Fe-NC coordination bond as a
NP crosslink (70). Because the dynamic nature of Fe-NC coordination bond, both crosslinks can
reversibly dissociate and reform, but at different timescales determined by crosslink geometries:
Fe3* crosslink has a short relaxation time t'Fe as its functionalityf is only 3, while the dissociation
of a NP crosslink is a much slower process with a long r'NP since its f can reach 10~102 (70, 88).
According to previous reported results, T'Fe is around 100 s while r'NP is around 104~ 105 s at room
temperature (70). Therefore, when 4nPEG is assembled with both Fe3+ ions and Fe304 NPs into a
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Figure 7.1 I Hybrid gel network design with two crosslink assemblies. (a) Illustration of a hybrid gel
network structure assembled by two reversible crosslinks with different geometries: NP crosslink with high
functionality and long dissociation lifetime r'NP, and Fe3 + crosslink with low functionality and short
dissociation lifetime T'NP. (b) Molecular structure of the polymer building block 4nPEG, with nitrocatechol
(NC) ligands at chain ends. (c) Chemical structures of Fe-NC coordination bonds formed at an Fe3 +
crosslink and NP crosslink respectively.
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hybrid gel, with the same polymer and same crosslinking bond chemistry, we are introducing two
distinct relaxation timescales into one dynamic network.
The described hybrid gel can be prepared by simply mixing aqueous solutions of 4nPEG, FeCl3,
Fe304 NPs and HEPES buffer followed by curing at 50'C overnight. With this facile approach, we
can easily mold the gel into any desired shapes. Spherical Fe304 NPs (d = 7 nm) homogeneously
dispersed in aqueous solution after surface modification are used in this study (as shown in Figure
7.2 (a) and (b)). The pH of the resulting hydrogel is ~7.4, which is close to physiological pH,
allowing for potential applications in interfacing with biological tissue. In comparison with
previously reported gels assembled by catechol-PEG (128), because of the higher oxidation
resistance, nitrocatechol ligands remain stable in the presence of excessive Fe3+ (29). Since the
same type of Fe-NC bonds are formed in Fe3+ crosslinks and NP crosslinks, there will be a
competition for forming the two crosslinks, and their relative ratio can be controlled by the
amounts of NPs and Fe3+ added into the gel network. We prepared a series of hybrid gel samples
with the same 4nPEG concentration (6.8wt%) but different [NP] and [Fe 3*] compositions for this
study. For denotation, the composition of each sample is represented as NPx-Fey, where x is the
weight percentage of NPs in the gel, and y is the relative ratio of Fe 3+ compared to the
stoichiometric amount (Fe3+:NC = 1:3) (for example, NP3.5-Fel refers to the sample with 3.5wt%
NPs and [Fe3+] = 1/3[NC]). TEM images show successful assembly of NPs into the gel matrix
across different compositions, without any significant aggregation (as shown in Figure 7.2 (c)).
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Figure 7.2 1 Nanostructure of hybrid gel. (a) TEM images of as-synthesized Fe304 NPs. (b) Histogram
showing the diameter distribution among 200 nanoparticles. The average diameter is 7.0 nm, with a
standard deviation of 1.3 nm. (c) TEM images of hybrid gel samples with different NP compositions
(embedded in resin and microtomed).
7.3 Broadly Tunable Dynamic Mechanics
7.3.1 Viscoelastic Behavior
The gel network dynamics can be reflected by macroscopic dynamic mechanical properties. For
example, in an oscillatory rheology experiment for a pure "Fe 3+ gel" with only Fe3+ crosslinks
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(NPO-Fel), the storage modulus G' and loss modulus G" curves have a crossover, showing a
typical Maxwell viscoelastic fluid behavior. However, as we introduce NP crosslinks into the
network, the tail of G' curve at low frequency starts to rise as shown in Figure 7.3 (a), indicating
the presence of another much longer relaxation timescale. With increasing NP concentration, the
G' and G " curves gradually fall apart into two near-parallel curves, which is a typical behavior for
an elastic solid. Despite the different viscoelastic features at low frequencies, the plateau moduli
Gp of all these gels are at the same level of~20 kPa, due to similar total crosslink densities dictated
by NC ligand concentrations. The slightly decreased Gp with increasing NP% is a result of
increased defects on NP crosslinks such as dangling chains and surface loop formation (129, 130).
The drastic change in dynamic mechanics is clearly indicated by tan 5 = G "/G'. As NP% increases,
tan 5 curve shifts from a viscoelastic regime to a pure solid-like regime with much lower dynamics,
and similar transition is also observed if we keep NP% constant while changing Fe 3
concentrations (see Figure 7.3 (b)). Such fluid-to-solid transition can be directly seen from
material's macroscopic behavior, as shown in Figure 7.3 (c). After being cut into a certain shape,
a pure "Fe3+ gel" behaves like a fluid as it slowly flows into a round shape to minimize the surface
energy, which is not desirable for a robust material. With certain amounts of NP crosslinks,
however, a NP3.5-Fel gel can sustain its solid shape and sharp edges for a long time, showing a
solid-like behavior.
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Figure 7.3 I Tunable viscoelastic behavior in a broad range. (a) Frequency sweep (strain = 1%) rheology
curves of hybrid gel samples with increasing NP concentrations, showing a transition from viscoelastic
fluid to elastic solid. (b) tan & vs angular frequency plots of hybrid gel samples with different NP
compositions (left) and different Fe3 + compositions (right), showing a fluid-to-solid transition with
increasing NP/Fe3 + ratio. (c) Photo images showing the shape change of a pure "Fe3 + gel" (NPO-Fe 1, left)
and a hybrid gel (NP3.5-Fel, right) in 20 minutes. Pure "Fe3+" gel will automatically flow into a round
droplet while hybrid gel can sustain its solid shape and sharp edges.
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7.3.2 Relaxation Timescales
The decrease in network dynamics with increasing NP/Fe3+ ratio is also reflected by the slowdown
in stress relaxation kinetics (see Figure 7.4 (a)). Unlike stretched-exponential type relaxation for
common dynamic hydrogels (70, 71), the relaxation curves of hybrid gels have two regimes: fast
relaxation in short time, and slow relaxation in long time. The shapes of the curve in these two
regimes resemble the relaxation curves of pure "Fe3+ gel" and "NP gel", as shown in Figure 7.4
(b)), suggesting that the two dynamic timescales should originate from the dissociation of Fe3+
crosslinks and NP crosslinks respectively. As a support to this statement, we observed a transition
from a pure "Fe3+ gel" behavior to a hybrid gel behavior as described above, during the curing
process of a hybrid gel sample (see Figure 7.4 (c) and (d)). Since Fe3 crosslinks can form instantly
upon mixing while formation of NP crosslinks requires curing overnight to reach equilibrium, the
emerging slow relaxation timescale should be a result of NP crosslink formation. Moreover, if we
remove all the Fe3+ crosslinks in a hybrid gel by immersing in EDTA solution for 3 hours, its
dynamic mechanics will turn into a pure "NP gel"-like behavior with only slow relaxation (see
Figure 7.4 (e) and (f)), indicating the fast relaxation mode is from Fe3+ crosslinks.
Based on rubber elasticity and transient network theory, the gel's elastic modulus G' oc n, where
n is the density of crosslinking bonds (64, 131). In a hybrid gel, the crosslinking bonds at Fe 3+ and
NP crosslinks may mutually contribute to G'. Because of the large difference between the
relaxation timescales of two crosslinks, we can decouple their contributions to the overall elasticity,
based on the following approximations:
107
CHAPTER 7: RAPID SELF-HEALING HYBRID
HYDROGEL WITH TUNABLE DYNAMIC MECHANICS
(1) At high frequency, the plateau modulus Gp is contributed by all the dynamic crosslinks,
therefore Gp oc ntota1 = nFe3+ + nNP, where nFe3+ is the number of bonds at Fe3+ crosslinks
per volume, and nNP is the number of bonds at NP crosslinks per volume.
(2) At some lower frequency, Fe 3+ crosslinks carry little stress due to fast relaxation while the
relaxation of NP crosslinks is still not significant. If the remaining stress on Fe 3+ crosslinks
and the relaxation on NP crosslinks are neglected, there is G' oc n - nNP- We choose CO = 0.3
rad/s for this case, since at this frequency only -2% of the stress carried by Fe3+ crosslinks is
remaining, while as much as ~95% of the stress carried by NP crosslinks is remaining
(estimated by (Gp - G'o.3)/Gp with the rheology data of pure "Fe3+ gel" and "NP gel", as shown
in Figure 7.3 (a) and Figure 7.4 (e) respectively).
Therefore, for each hybrid gel, the relative ratio of crosslinking bonds at each crosslink can be
estimated by:
nNP ~ G'0.3/Gp x 100% and Fe3+ ~ (Gp - G' 0.3)/Gp x 100% (7.1)
Note: because of the neglected stress relaxation of NP crosslinks and remaining stress carried by
Fe3+ crosslinks, the estimated results from this calculation may include a 5~10% error, which is
acceptable for qualitative comparison.
The calculated results are shown in Figure 7.5. In the competition between two crosslink structures,
as the NP% increases, the equilibrium shifts to enable formation of more NP crosslinks with long
relaxation timescale. This dynamic equilibrium drives the transition in hybrid gel dynamic
mechanics from a viscoelastic fluid to a stiff solid.
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Figure 7.4 1 Fast and slow relaxation modes from Fe3 + and NP crosslinks. (a) Stress relaxation curves (step
strain = 2%) of hybrid gel samples with different NP% ([Fe3 +] is kept constant as Fe 1, and the same for the
following plots), showing fast and slow relaxation in two regimes. (b) Step-strain relaxation curves of pure
"Fe3+ gel" (NPO-Fel) and pure "NP gel" (NP5-Fe0). (c) Frequency sweep and (d) step-strain relaxation
curves of a NP4.5-Fel gel sample before and after curing at 50*C overnight, showing a transition from pure
"Fe3+ gel" behavior (only fast relaxation mode) to hybrid gel behavior (both fast and slow relaxation modes).
(e) Frequency sweep and (f) relaxation curves (red curve: fitted curve with stretched exponential model G(t)
= Go exp[-(tro)a]) of a NP5-Fel gel sample before and after immersing in 0.15 M EDTA solution (pH =
5.0) for 3 hours, showing a transition from hybrid gel behavior (both fast and slow relaxation mode) to pure
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here for comparison.
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different compositions, estimated by plateau modulus (Gp) and storage modulus at 0.3 rad/s (G'0.3).
7.3.3 Tensile Failure Modes
The composition of network crosslinks does not only control the viscoelasticity in linear regime
as characterized by small-strain rheology experiments, but also dictates the material's failure mode
in large-strain nonlinear regime. In tensile tests of hybrid gel samples with different compositions,
although the Young's moduli E in the linear regime are similar at 13 kPa for all samples in linear
regime, their tensile behavior at large strain is very different (as shown in Figure 7.6 (a)). For
example, with high NP crosslink ratio, NP5-Fel shows an elastic solid behavior with a near-linear
tensile curve, and the material experiences a brittle failure at <100% strain with clear fracture
surfaces; in contrast, with low NP%, NPl.5-Fel sample yields at ~50% strain, and can be further
stretched into a thin filament with >2000% strain, showing a fluid-like failure similar to pure "Fe3
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gel" (as shown in Figure 7.6 (b)). And for the samples with compositions in between, there is a
clear transition of tensile behavior across the two extremes. For instance, NP3.5-Fel behaves like
an elastic solid but with some softening beyond 50% strain. Reversible hysteresis is observed in
its tensile cycling curves, showing significant energy dissipation in a highly dynamic network (see
Figure 7.7 (a)). It is notable that in rheology frequency sweep, the G' and G " curves for NP3.5-
Fel also happen to overlap in low-frequency regime, as shown in Figure 7.3 (a)), indicating a
critical transition between solid-like and fluid-like behavior. Therefore, this composition may be
a promising candidate to combine stiffness and dynamics simultaneously in a solid hydrogel.
The hybrid gel's failure mode is not only changed by crosslink composition. Even for the same
material, the tensile behavior can be distinct at different timescales. We use Weissenberg number
(Wi) to indicate the gel's failure mode, which is a dimensionless time-related index defined as the
product of the strain rate k and the relaxation time r (132):
Wi = yt (7.2)
For the sample NP3.5-Fe l, its relaxation time is 6.77 s as calculated from the first crossover point
of G' and G" curves in rheology frequency sweep (see Figure 7.3 (a)), and two strain rates are
selected for Wi > 1 (solid-like failure) and Wi < 1 (liquid-like failure) respectively. As shown in
Figure 7.7 (c), when the gel is pulled fast at 20.8% s-1 strain rate (Wi = 1.41 > 1), it undergoes a
solid-like failure with a clear fracture; while as the same material is pulled very slowly at 1.9% s~
1 (Wi = 0.13 < 1), it experiences a fluid-like failure similar to NP1.5-Fel sample in Fig. 3a and 3b.
The elastic modulus also decreases with strain rate as we observed in tensile cycling tests (see
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Figure 7.6 1 Controllable failure behavior in tensile tests. (a) Tensile curves of hybrid gel samples with
different compositions. Inset: tensile curves of samples with low NP% extended to large strain (2000%).
(b) Photo images of the failure behavior for NP5-Fe l gel (left) and NP 1.5-Fe 1 gel (right), showing distinct
solid-like and fluid-like failure modes (red arrows: stretch directions).
Figure 7.7 (b)). As reported in other dynamic networks (38), such strain-rate dependent behavior
is dictated by the relative lengths of two time scales: the lifetime r' of network crosslinks, and the
timescale of deformation event tdeform. With both Fe3+ crosslinks and NP crosslinks in our hybrid
gel, a short r'Fe3+ and a long r'NP coexist in the system. As illustrated in Figure 7.7 (d), when the
deformation occurs in a shorter timescale than r'Fe3+ and r 'NP, all these crosslinks are perceived as
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"fixed" junctions and we observe a "plateau modulus". When tdeform is longer than r'Fe3+ and r'NP,
both crosslinks have sufficient time to dissociate, so the overall network is "flowing" as we observe
at low strain rate experiments. When tdeform is between r'Fe3+ and r 'NP, as is in the case for most
tensile experiments, the "flowing" Fe3+ crosslinks allow for sufficient network dynamics for
energy dissipation while the "fixed" NP crosslinks carry the elastic stress.
7.4 Self-Healing.. PerfoManc
The unique temporal structure as discussed above is the key for achieving a stiff elastic but still
highly dynamic network in a self-healing hydrogel. These two features are often contradictory in
self-healing networks with only one type of dynamic crosslink (125). For example, a pure "Fe3+
gel" can quickly heal the cut within 1 minute, as shown in Figure 7.8 (a)), but it tends to flow and
cannot carry much stress. In contrast, a pure "NP gel" is a stiff self-standing solid, but it hardly
heals after a brittle fracture, due to the very slow NP crosslink dynamics (see Figure 7.8 (b)). Now
with the broadly controllable dynamic mechanics in hybrid gels, we may combine the advantages
of the 2 crosslinks and find optimal candidate for a rapid self-healing solid gel. As discussed above,
the NP3.5-Fel sample shows both solid behavior and fast network dynamics. If we break this
sample on a tensile tester, and put the fractured interfaces back to contact, the fracture can be
automatically healed in just a few minutes (as shown in Figure 7.9 (a)). Tensile tests confirmed
that by healing for 5 min, the material can fully recover its original mechanical property (see
Figure 7.8 (c). These are remarkable results since most reported self-healing hydrogels of similar
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stiffness (>104 Pa) need hours or even days to fully recover, and external trigger is often required
such as heating and light stimuli.
To quantitatively characterize the healing performance, we define healing efficiency as:
r7 = healed X 100% (7.3)
original
where Loriginai and "healed are the material's maximal strain before and after fracture-healing test. We
conduct similar tests on hybrid gel samples with various compositions (results are shown in Figure
7.8), and get their healing profiles by plotting the healing efficiencies at different healing time, as
shown in Figure 7.9 (c) and Figure 7.9 (d). For all these healing profiles, there is an initial quick
healing in the first few minutes with >40% recovery, suggesting some fast processes exist in all
samples that account for the rapid healing. Since the dynamics of NP crosslinks is slow and no
significant healing is observed in pure "NP gel", in our hybrid gel system such process should
originate from the fast network dynamics enabled by Fe3+ crosslinks. This explains why the
samples with higher [Fe]/[NP] can heal faster. Based on this reasoning, we propose a healing
mechanism for the hybrid gel network as depicted in Figure 7.9 (b): upon mechanical damage,
the reversible Fe-NC bonds are dissociated on the Fe3+ crosslinks and NP crosslinks at the fracture
interface. As the fractured surfaces are put into contact, the polymer chains and free Fe 3+ rapidly
diffuse across the interface and form new Fe3+ crosslinks. The network then further re-organizes
to form more crosslinks with dangling ligands until equilibrium, and the damaged interface is
healed. In this process, the two crosslinks serve in different roles: fast-dissociating Fe31 crosslinks
provide fast chain flow and diffusion for rapid healing, while slow-dissociating NP crosslinks form
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a stiff elastic framework to sustain the solid shape. By combination of two crosslink structures
with different dissociation timescales, we can achieve a stiff and fast-healing hydrogel.
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In the study of self-healing materials, there is always a trade-off between stiffness and healing
kinetics (125). We examine the elastic modulus and healing rate (defined as the inverse of healing
time) in 41 reported studies on various types of self-healing hydrogel, and plot them in Figure
7.10. For all the self-healing materials, there are two extreme cases on this plot: material with very
high stiffness but very slow or no healing, such as rubber; and material with instant healing but no
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Figure 7.10 1 Comparison of self-healing performance with reported studies. Plot of elastic modulus
(plateau modulus) vs healing rate (1/healing time) for 41 self-hydrogels in literature and the results in this
work. Two extreme cases are illustrated to demonstrate the tradeoff between stiffness and healing kinetics,
and the diagonal dashed line shows a restricted regime for previously reported self-healing performances.
stiffness, such as ideal fluid. The performance of most self-healing gels is a compromise of these
two extremes, which falls in a limited regime under the dashed diagonal of the plot. With the
broadly tunable dynamics mechanics, however, our hybrid gels in this work demonstrate a trend
for overcoming this limitation. The coexisting slow and fast relaxation timescales, as introduced
by two crosslink assembly geometries, decouple the tradeoff by contributing to stiffness and
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healing rate respectively. For designing self-healing capability in strong materials, a common key
strategy is to combine both load-bearing and dissipating structures (133, 134). The results in this
work suggest a new route to implement this design: incorporating multiple relaxation timescales
in a dynamic network engineered by crosslink geometries. With the extensive reported methods
for implementing complex crosslink structures by supramolecular assembly (11, 61), we expect
that this design principle will promote the development and optimization for a broad family of
strong and rapid self-healing materials.
7.5 Co1CIUS10n
In this work, by introducing two crosslink assembly structures with distinct dissociation kinetics
in the same polymer network, we design a hybrid hydrogel system with tunable dynamics in a
broad range. By adjusting the relative concentration of two crosslink structures, we demonstrate
control over the material's dynamic behavior from a viscoelastic fluid to a stiff elastic solid.
Because of the coexistence of both fast and slow relaxation modes in this network, the contribution
to mechanical stiffness and network dynamics can be decoupled, and we successfully achieved
rapid full healing after fracture in a stiff solid hydrogel. This strategy of combining multiple
dynamic timescales by engineering the supramolecular assembly of network crosslinks is quite
general and should enable design of strong self-healing materials.
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8.1 Coicusions: Lessons Learnt
With the advancement of supramolecular chemistry and soft matter physics in the recent decade,
self-healing capability is being commonly introduced into mechanically weak hydrogels, and
driving their practical applications into more biomedical scenarios (9). The ultimate goal of such
effort, is to achieve materials that are strong, durable and fast self-healing, just like many biological
tissues in nature. Many pioneering studies in this field have been focused on developing dynamic
hydrogels based on various reversible bonds/interactions and simple conventional gel network
structures similar to common rubber or elastomers. In biology, however, the protein-based network
for self-healing tissues is often constituted by hierarchical assemblies and nano-scale structures
(78), and its mechanical performance is encoded in these complex network structures. With the
same motif, we should be able to engineer the dynamic mechanics in synthetic self-healing soft
materials by rational network design. The studies in this thesis well demonstrate an attempt to
implement this idea.
As a first step, with mussel-inspired coordination chemistry at solid surfaces, we develop a
nanocomposite hydrogel network with a hierarchical assembly of multiple polymer chains
on iron oxide nanoparticle crosslinks. With a well-defined dynamic polymer/NP interface and
unique crosslink structure with high functionalityf, this NP gel network serves as a great model
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system for manipulating dynamic mechanics by network engineering. Compared to conventional
Fe 3  gel with Fe(III)-(catechol)3 crosslinks, NP gel exhibits strikingly different dynamic
mechanical behavior and relaxation kinetics. Further studies revealed an important approach to
control the gel relaxation kinetics: by changing crosslink structural functionalityf
Following this discovery, we further investigated the connection between the network hierarchical
structure and gel relaxation mechanics in different metal-coordination crosslinking structures. In
addition to the average relaxation time To, we found that the distribution of relaxation
timescales r' in the network, which results from structural inhomogeneity in crosslink
hierarchical assemblies, is reflected by Kohlrausch's exponent a in stress relaxation. This
information provides further physical insight into the correlation between network structure and
relaxation behavior in dynamic gels, as well as fundamental guidelines for tuning the stress
relaxation pattern by network design.
The knowledge learned from these two studies can be used for performance optimization in various
dynamic gel materials. As an example, we designed a hybrid gel network with the same
crosslinking chemistry but two distinct crosslinking structures. With this network design, we
introduce both fast and slow relaxation modes into the same gel network, and the overall dynamic
mechanics can be precisely tuned from viscoelastic fluid-like behavior to stiff solid-like
behavior, simply by controlling the ratio of two crosslink structures. By manipulating the temporal
structure in gel network dynamics, we decouple the tradeoff between healing rate and mechanical
rigidity, and successfully achieve rapid self-healing in a stiff solid hydrogel material.
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The work done in this thesis shows that the dynamic supramolecular hydrogel model can be
extended to nanocomposite hydrogel systems, if a reversible interaction can be introduced to the
polymer-nanoparticle interface in an appropriate manner. Mussel-inspired catechol-metal
coordination chemistry proves to be an effective candidate for such dynamic interfacial
crosslinking bonds, especially on iron oxide surfaces. Because of nanoparticles' high surface area,
the design of NP crosslinks allows assembly of very high functionality f at network junctions,
which demonstrates a facile way of designing complex polymer network structure. In addition,
with the assembly approach in this thesis work, we successfully incorporated functional magnetic
nanoparticles as mechanically-relevant network crosslinks. This will enable future design of smart
hydrogel materials with stimuli-responsive mechanical properties.
The principles of controlling dynamic mechanics in this NP gel system can also be extended to a
broader scope of supramolecular soft materials with hierarchical crosslink assemblies, such as
molecular cages, clusters and micelles (37, 61, 71). In such networks, the crosslink functionalityf,
as well as the structural variation of f in the network are directly related to the pattern of its
mechanical relaxation behavior. In the practical application of dynamic soft materials, the time-
dependent relaxation mechanics is a key specification for many functions including self-healing
(19), shape-memory (15), injectability (shear thinning) (50), etc. The physical insights gained in
this thesis provide fundamental guidelines for how to manipulate these dynamic mechanical
behaviors by network structural design.
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3. 2 0 Out Io ok: Fuwt ur e .Di.r e ctio
8.2.1 Extension of NP Gel Family
In this thesis, we utilized mussel-inspired catechol-Fe(III) coordination chemistry to assemble
polymer chains and inorganic nanoparticles into a NP gel network. In addition to Fe(III), catechol
groups have already been proven to be good coordination ligands with other metal ion centers
including Ti4*, V31, A13*, and many others (25, 68). Ligands other than catechol have also been
commonly found in the assembly of biomacromolecules in biological systems. For example,
histidine and the thiol group on cysteine are good coordination ligands for metal ions like Cu2+,
Ni2+, Co2+, Zn2+, Fe2+, Au', Age, etc. Many protein chains with histidine/cysteine in the sequence
can therefore form hierarchical assembly structures by forming coordination complex with these
metal ions (135, 136).
On basis of current work in this thesis, we should be able to extend the scope of material building
blocks for NP gel to various combinations of ligands and inorganic nanoparticle materials, as
shown in Figure 8.1 (a). This will enable the development of a rich family of NP gel materials,
which will greatly advance the study of dynamic soft materials in two aspects. On one hand, by
using different ligand-NP combinations, we will be introducing a rich variety of dynamic
interactions at the polymer/NP interfaces. Their different activation energy barrier, dissociation
kinetics and bond stability will directly result in distinct mechanical properties, and therefore we
will get another "knob" for tuning the hydrogel's network dynamics in a facile manner. By
investigating and comparing the dynamic mechanical behaviors of these materials, we will also
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gain insight into the bond strength and kinetics of different metal-ligand combinations at molecular
scale. On the other hand, extension of NP gel family allows us to incorporate more functional
inorganic nanoparticles as network crosslinks aside from Fe304, which enables design of various
stimuli-responsive soft materials, as discussed in the next section. Towards these goals, our on-
going studies have already demonstrated successful preparation of TiO 2 NP gels, CoFe204 NP gels,
NiFe204 NP gels and Co NP gels, as shown in Figure 8.1 (b) - (g). Preliminary results of rheology
studies show very different dynamic mechanics in these NP gels compared to Fe304 NP gels
discussed in this thesis, which should be a result of the difference in polymer-NP interfacial
dissociation kinetics. Further systematic investigations of the activation energy, relaxation kinetics
and structural comparison of these NP gel materials are to be completed.
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Figure 8.1 1 Extension of NP gel family. (a) List of potential combinations of coordination ligands and
inorganic nanoparticle materials for NP gel assembly. (b) UV-Vis spectra of bare TiO 2 NP and TiO 2 NP
gel assembled with 4cPEG. The rise of absorption peak at 420 nm after gelation corresponds to the charge
transfer from catechol to TiO 2 (137). Insets: photo image of a TiO 2 NP gel sample, and schematics for
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sample, a CoFe204 NP gel sample and a NiFe204 NP gel sample respectively (assembled with 4nPEG).
Insets: photo images of each gel sample.
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CHAPTER 8: CONCLUSIONS & OUTLOOK
8.2.2 Remotely Triggered Mechanical Response
In the NP gel network design developed in this thesis, nanoparticles serve as network crosslinking
junctions that dominate the material's elasticity and dynamic mechanics. If we induce motion of
these nanoparticles by some external stimuli, the dynamic linkages of polymer chains on
nanoparticles may be disrupted, leading to drastic change in mechanical behaviors, as illustrated
in Figure 8.2. For example, the magnetic dipoles of superparamagnetic nanoparticles such as Fe304
NPs, nickel and cobalt ferrite NPs, metallic Co and Ni NPs may be flipped repeatedly in an
alternating magnetic field, inducing an oscillation of NPs (138). In addition, the surface plasmon
resonance on Au NP after absorption of light at certain wavelength will lead to local heating and
dissociation of adsorbed ligands (139). Therefore, as we use these NPs as building blocks for a
dynamic NP gel network, the obtained hydrogel material may exhibit remotely triggered
mechanical response by these stimuli, such as material softening, shape change and solid-to-fluid
transition. These features may lay the foundation for various smart material applications, such as
controlled drug release, 3D printing, actuator for soft robotics, etc.
Alternating
magnetic field Fe3O4, NiFe2O 4 ,
CoFe2O 4 , Co, Ni:
superparamagnetismMechanical
response Au: surface plasmon
resonance
Figure 8.2 Schematics illustration showing remotely triggered dynamics in NP gel network by alternating
magnetic field or light, leading to change in dynamic mechanical response.
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